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This work provides a detailed description of the qualitative and quantitative mineralogical, 
dynamic, as well as kinetic aspects for the structural transformation of α-spodumene (α-
LiAlSi2O6), and advances the industrial processing of spodumene by introducing two novel 
alternative technologies that are relatively straightforward and potentially cost-effective.  
Spodumene, the most abundant lithium-containing mineral, usually undergoes calcination at 
an extreme temperature of about 1100 ºC and strong-acid digestion during industrial 
processing.  The calcination process stimulates the structural transformation of spodumene 
from its naturally occurring pyroxene-framework α-phase into the relatively more reactive β-
spodumene of the keatite (SiO2) structure.  On the other hand, the acid digestion approach 
facilitates the production of water-soluble lithium compounds (mainly lithium sulfate Li2SO4).  
This study resolves the technical obstacles associated with cheaper (and safer) processing of 
spodumene concentrates.   
 
The project incorporated intensive experiments to analyse the thermally-activated changes 
during the calcination of spodumene.  The combination of hot-stage and high-temperature 
synchrotron X-ray diffractometry (XRD) enabled in-situ mineralogical analysis of the 
transformation processes, identifying (and quantifying) the resulting phases at various 
temperatures.  Each of the diffractometry techniques complements the heating rate and 
temperature limitations of each other.  Likewise, accurate calorimetric and thermogravimetric 
analyses yielded the corresponding thermodynamic and kinetic functions, allowing the precise 
determination of the minimum energy required for the heat treatment process.  Distinctly, the 






additives, CaO and Na2SO4, for better extraction of lithium.  The addition of these chemicals 
resulted in the formation of water-soluble lithium compounds via the roasting process at a 
relatively low temperature (800 – 900 ºC).  Set of experiments determined the best condition 
for minimising these additives and maximising the productivity of lithium.  Atomic absorption 
spectrometry (AAS) quantitated the recovered lithium from the roasted spodumene 
concentrate.  Techniques, such as X-ray fluorescence (XRF) and AAS, attested the chemical 
analyses of the raw spodumene concentrate.  The Match! Software allowed phase 
identification, while HSC 7.1 software facilitated the estimation of energies.   
 
The results of this thesis have demonstrated that the transition reaction of spodumene occurs 
via different pathways, depending on the amorphicity and the thermal history of the mineral.  
The results have also identified the intermediate species and clarified their appearance as a 
function of temperature and heating rate, and particle size, relative to the final phase of β-
spodumene.  For instance, the formation of the recently reported γ-spodumene is initiated by 
crystallisation of minuscule amorphous materials in the concentrated sample at slow heating 
conditions, while fast initial heating to 800 ºC prompts the emergence of a newly-identified 
phase of β-quartzss, at low temperatures of less than 900 ºC.  Requiring an operating 
temperature of above 1000 ºC, the calcination of spodumene concentrate has been elucidated 
to adopt slow kinetics, with a high activation energy of more than 800 kJ mol-1 and significant 
dependency on the degree of conversion. 
 
The combined outcomes of this study are instrumental in optimising the energy cost of lithium 
extraction from spodumene mineral in practical operations.  In particular, this thesis reveals 
that, the roasting of spodumene concentrate with a small amount of CaO reduces the 






into important energy saving during the calcination of spodumene in the first step of the 
commercial acid digestion process.  Roasting of spodumene with CaO and Na2SO4 at 882 ºC 
for 2 h results in producing a water-leachable lithium compound of LiNaSO4 with 94 % lithium 
recovery.  Thus, the roasting of spodumene concentrate with these two additives eliminates the 
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This chapter informs the directions of the entire thesis. 
The content includes a brief background and detailed 
description of the research problem, the purpose and 
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1.1. Introductory Overture 
 
Lithium (Li) symbolises the lightest metal (and solid element) with an exceptional 
electrochemical reactivity.  As illustrated in Figure 1.1, these properties facilitate significant 
applications of this element in energy storage and electrical mobility.  The mass production of 
lithium-ion batteries (LIBs) accounted for half of the entire consumption of lithium in 2017 
(Ober, 2018).  Moreover, rechargeable Li-ion batteries remain the preferable energy storage 
technology in both consumer electronics and electric vehicles (EVs), resulting in continuously 
increasing demand for lithium, with the projected compound annual growth rates (CAGR) of 
22 – 30 % only in the EVs sector, between 2016 and 2030 (Azevedo et al., 2018), as lithium 
continues to fuel the technological advancements in the present society. 
 
 
Figure 1.1. Lithium and its applications in the current Information Age.  The data of lithium 
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Salar brines and spodumene ores represent the most important sources of terrestrial lithium 
(Habashi, 1969; Ingham, 2012).  Although processing of brines is relatively inexpensive, the 
lithium production cycle by evaporation requires about two years to complete (Vikström et al., 
2013).  This undoubtedly attenuates the availability of lithium chemicals and disrupts their 
accelerating demand (Choubey et al., 2016).  On the other hand, extraction of lithium from 
spodumene demands approximately five days and affords a year-round production (Grosjean 
et al., 2012).  The abundant deposits of spodumene promise to satisfy the increasing demand 
for lithium on a rapid time scale, adjusting its availability to market demand.   
 
However, the challenge of refining spodumene is that of construction and operation of large-
scale mines and refineries that entail complex and energy-intensive activities, as compared to 
those of processing of brines (Chagnes and Światowska, 2015).  These activities involve 
mining, comminution, beneficiation, calcination, acid digestion, leaching and purification; the 
last step of varying intensity, as mandated by the required purity of the end-use application.  In 
practice, calcination, acid digestion and purification represent the most critical stages for the 
overall consumption of energy and formation of by-products that are difficult to recycle, 
especially acidic aluminosilicates and sodium sulfate. 
 
The majority of the published work on spodumene focused on the extraction of lithium from 
spodumene by acid digestion, alkaline pressure leaching and roasting with additives (Chagnes 
and Światowska, 2015).  In practice, only the digestion of spodumene with sulfuric acid is 
currently practiced in the production of lithium chemicals on an industrial scale.  The 
concentrated sulfuric acid digests β-spodumene at 250 – 300 ºC for 1 h (Ellestad and Milne, 
1950; Tian et al., 2011).  Prior to digestion with sulfuric acid, this technology involves a 
calcination step to convert the acid-resistant α-spodumene to obtain the more reactive β-phase, 
Chapter: 1                                                                                                                                  Introduction   
4 
usually performed at 1050 – 1100 ºC for 1 – 2 h, since α-spodumene, as a pyroxene-group 
mineral, exhibits extreme lack of reactivity.  The processing steps that follow the digestion of 
the calcined material command feedstocks of CaCO3, Ca(OH)2, Na2CO3 or NaOH to neutralise 
the acidity of the leachate and precipitate Li2CO3 (Kuang et al., 2018).  The purity of these 
feedstock chemicals matters and often one prefers more expansive NaOH rather than cheaper 
but less pure CaCO3. 
 
Hydrometallurgical processes based on the alkaline pressure leaching of β-spodumene provide 
an alternative to the present state-of-art technology based on digestion of β-spodumene with 
concentrated sulfuric acid.  In these processes, solutions of Na2CO3, NaCl, NaSO4 leach β-
spodumene under 20 – 40 bar and 150 – 250 ºC (Chen et al., 2011; Gabra et al., 1975; Kuang 
et al., 2018).  The pressure-leaching processes operate under alkaline conditions to avoid 
polymerisation of silica that prompts the formation of impermeable skins on surfaces of 
particles of β-spodumene.  While some recent literature argues for reconsidering the use of the 
alkaline leaching process on the industrial scale (Choubey et al., 2016; Dlugogorski, 2018), the 
problem of high energy consumption during the calcination step remains unsolved.   
 
Roasting of α-spodumene with salts or oxides of alkali and alkali earth metals may constitute 
a viable approach to improve the sulfuric acid digestion process that constitutes the present 
industrial standard.  In this approach, compounds of calcium, sodium and potassium serve as 
additives in the roasting of α-spodumene at elevated temperatures of up to 1100 ºC (Medina 
and El-Naggar, 1984; Sternberg et al., 1946; Victor, 1953).  High processing temperature, 
reduction of the spodumene fraction in the feed to a kiln (and hence the process throughput) 
and melting of excess additives constitute the chief factors that generally hinder 
implementation of this approach in the industry.  However, careful selection of additives, 
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especially combining CaSO4 and NaSO4 with CaO and Ca(OH)2, allows operations at lower 
temperatures (850 – 1000 ºC).  The viability of this process has been demonstrated for refining 
lithium micas to lithium chemicals.  The process exhibits an additional benefit of avoiding 
digestion or leaching with acids as contacting of the roasted material with water alone displays 
high recovery of lithium under atmospheric conditions (Jandová et al., 2009; Yan et al., 2012). 
 
As the calcination step represents one of the most crucial factors in the processing of 
spodumene, a great deal of research has been devoted to its understanding and optimisation.  
Pertinent research has mainly focused on the transformation of α-spodumene to its high-
temperature polymorphs.  But, the published literature has noted inconsistent results on the 
transition pathways, that is, the reaction corridors from α- to β-spodumene (Botto et al., 1975; 
Gasalla and Pereira, 1990; Tian et al., 2011; White and McVay, 1958) and the appearance of 
γ-spodumene as an intermediate phase.  In particular, it remains uncertain whether γ-
spodumene arises along sequential or parallel reaction pathways that lead from α- to β-
spodumene (Moore et al., 2018; Peltosaari et al., 2015; Salakjani et al., 2016).  A large degree 
of uncertainty still prevails in the governing kinetic parameters, especially at temperatures 
exceeding 930 ºC (Botto and Arazi, 1975; Moore et al., 2018). 
 
This thesis combines various scientific investigations pertaining to the practical aspects of the 
calcination and roasting of high-grade concentrates of spodumene from the Talison Lithium 
mine in Greenbushes in Western Australia and suggests two alternative methods to extract 
lithium from α-spodumene under relatively less aggressive conditions.  (In the thesis, we 
distinguish between calcination, to denote heating of α-spodumene by itself, and roasting, to 
signify a thermal treatment of mixtures of α-spodumene with additives.  Occasionally, the term 
decrepitation is introduced to convey the same meaning as calcination).  The present work also 
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aims at providing vital mineralogical, thermodynamic and kinetic data.  The underlying aim is 
to build an energy-effective strategy for calcination of α-spodumene through approaches that 
can be adopted by industry.  Along the same line of enquiry, this work targets improvements 
to the present calcination step by introducing additives that act as fluxes to decrease the 




1.2. Research Motivation  
 
The environmental concerns arising from the carbon footprints of combustion of fossil fuels 
(e.g., used in automobiles) have prompted the fast development of electric vehicles (EVs) 
(Vikström et al., 2013).  Lithium-ion batteries (LIBs) perform well for applications in EVs, 
with specific energy now reaching 200 - 260 Wh kg-1 (Choubey et al., 2017; Jain, 2018).  As a 
matter of fact, the recently announced Chinese support for manufacturing of electric vehicles 
allows 20 % more subsidy for vehicles equipped with battery packs that display energy density 
of over 140 Wh kg-1, but 40 % less subsidy for vehicles with batteries characterised by energy 
density of 105 - 120 Wh kg-1, in comparison to batteries carrying 120 – 140 Wh kg-1.  Vehicles 
equipped with battery packs that display energy density lower than 105 Wh kg-1 receive no 
subsidy (Hu and Yuan, 2018).   
 
The EVs currently average 3 % of the annual total vehicle production, but are expected to reach 
about 52 % in 2030 and 90 - 95 % in 2050 (Goonan, 2012; Sarkar et al., 2018).  Moreover, 
storage of renewable energy requires large battery capacity, with LIBs competing effectively 
against other battery technologies.  The largest lithium battery in Australia of Hornsdale Power 
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Reserve of 100 MW/129 MWh entered into operation at Jamestown, South Australia 
(Hendriks, 2018), providing a network of security services to South Australian electricity 
consumers.  This paired energy storage system of Tesla and Neoen Wind sets the path for 
global solution of the future grid-scale battery storage (Deloitte, 2018).   
 
Forecasts of a significant increase in the global demand for lithium chemicals have prompted 
rapid development of spodumene mining and refining in Western Australia, swiftly adding to 
the spodumene production coming from the Talison Lithium mine in Greenbushes located in 
the South West region of WA.  In 2017, the Greenbushes mine delivered 646 kt of ca 6 % 
spodumene concentrate that corresponded to 30 % of the global demand for lithium, with plans 
to expand the production to 2.3 Mt of spodumene concentrate (Smith, 2018).  Over the last two 
years, three new spodumene mines in Pilbara region, in the north of Western Australia, have 
commenced shipping the run-of-mine (ROM) ore or spodumene concentrate (Pilbara 
Resources and Altura Mining, both attached to the Pilgangoora deposit, and Mineral Resources 
exploiting the Wodgina deposit), and two in the Goldfields (Tawana Resources mining the 
Bald Hill deposit and the joint venture of Mineral Resources, Neometals and Jiangxi Ganfeng 
Lithium exploiting the Mt Marion spodumene).  After two and a half years of shutdown, in 
2015, the Galaxy Resources re-opened its Mt Cattlin spodumene mine that operates near 
Ravensthorpe, also in the Goldfields region of WA.  In total, seven mines are presently 
producing ROM ore or spodumene concentrate in WA (Hastie, 2018). 
 
The final entry into the lithium mining and refining is Covalent Lithium, the 50/50 joint venture 
of Kidman Resources and Sociedad Química y Minera de Chile (SQM), that is proceeding to 
exploit its Mt Holland deposits in the Goldfields and build a lithium refinery in Kwinana, south 
of Perth.  Kwinana will also host a lithium refinery presently in construction by Tianqi Lithium 
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Australia to open in 2019, to process Tianqi’s share (51 %) of the output from the Talison 
Lithium mine in Greenbushes.  Albermarle Corporation that own 49 % of Talison Lithium will 
construct another lithium refinery in Kemerton near Bunbury in WA.  In addition, three other 
spodumene miners have foreshadowed constructing lithium refineries either in the Goldfields 
or in Pilbara. 
 
As illustrated in Figure 1.2, spodumene constitutes the most abundant lithium mineral.  While 
it occurs in several large deposits across the globe and has a theoretical Li2O content of 8.03 % 
(3.73 % Li), the abundance of Li2O in mined ores rarely exceeds 2.4 %.   
 
Figure 1.2. Global availability of terrestrial lithium resources. The data were extracted from 
Vikström et al., (2013) based on the average values between the minimum and maximum 
estimated resources from the available figures for different countries. 
 
For example, ROM ore from the Pilgangoora deposit of Altura Mining exhibits 1.2 % Li2O.  
Typical ores display model abundances of 12-30 % spodumene, 22-27 % quartz, 30-50 % 
feldspar and 3-5 % mica, with a smaller concentration of apatite, tourmaline and beryl, and 
with the sporadic presence of cassiterite, columbite, monazite, pyrite, pyrrhotite and rutile 
(Colton, 1957).  Processes for concentrating spodumene involve flotation and heavy media 
separation, with hand separation no longer practiced commercially as done in South Dakota 
Mines in the USA until the 1950s (Colton, 1957), with the concentration facilities typically 









Chapter: 1                                                                                                                                  Introduction   
9 
Pilbara in northern WA ship ROM ore, such as Pilbara Minerals and Mineral Resources from 
their Pilgangoora and Wodgina deposits, respectively.  
 
Thus, the principal motivation behind the work covered by the present thesis was to fill the 
existing gaps in understanding of the transformation reaction of spodumene and develop 
improved technologies for converting spodumene to commercial lithium chemicals, to meet 
the accelerating global demand for their consumption.  
 
 
1.3. Research Objectives 
 
The underlying goal of the investigations presented in this thesis lies in their environmental 
and industrial implications.  The main part of the work targets the three initial steps in the 
processing of spodumene, namely calcination, acid digestion and leaching.  To achieve this 
goal, the thesis addresses the following research objectives:  
 
i. Introduction of novel calcination approaches: (a) To develop new strategies for 
conversion of α-spodumene that decrease the energy footprint of the present 
calcination step;  (b) To gain insights into the transformation process and associated 
changes in sample mineralogy;  (c) To resolve the inconsistency in the literature 
concerning the products of the thermal calcination process; (d) To identify and 
characterise the crystallographic transformations via in-situ laboratory and 
synchrotron X-ray powder diffractometer (XRD);  (e) To evaluate the influence of 
the amorphous content and thermal history of the transformation process on the feed 
mineralogy, including the formation of γ-spodumene.   
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ii. Assessment of the thermodynamic features of thermal transformation reaction of 
spodumene: (a) To measure the thermal changes during the reaction;  (b) To 
quantify the calorimetric properties of the transition processes;  (c) To measure the 
specific heat capacity of a spodumene concentrate;  (d) To compute and assemble 
the thermodynamic functions of actual spodumene concentrate at high temperature;  
(e) To estimate the total energy requirements for the transformation process;  (f) To 
provide a basis for an economic assessment of energy cost of the entire lithium 
extraction process. 
 
iii. Evaluation of kinetics of the transformation reaction of crystalline α-spodumene in 
non-isothermal heating processes: (a) To measure the extent of thermal conversion 
of spodumene (in spodumene concentrate), under a controlled environment;  (b) To 
develop a mechanistic insight explaining the phase transformation, as well as to 
obtain the kinetic parameters governing the thermal events, from the 
isoconversional analysis;  (c) To provide a model for isothermal conversion of 
spodumene that describes the operation of large-scale industrial kilns;  (d) To 
investigate the validity of the previously reported mechanisms that describe the 
transition behaviour of spodumene under heating. 
 
iv. Investigation of lithium extraction from concentrate of α-spodumene after low-
temperature calcination, i.e., at temperatures lower than 1000 ºC: (a) To test the 
reactivity of spodumene with solid additives;  (b) To gauge the ability of specific 
additives such as CaO to initiate a transformation of spodumene at lower 
temperature;  (c) To develop a heating strategy to reduce the energy costs of the 
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present industrial process;  (d) To extract lithium from roasted spodumene that 
involves no digestion with concentrated sulfuric acid. 
 
 
1.4. Structure of Dissertation 
 
This thesis represents a unified approach to address the most critical problems arising in the 
thermal transformation of α-spodumene concentrate on an industrial scale.  The thesis 
introduces alternative low-temperature and less aggressive methods for extraction of lithium 
from a typical high-grade concentrate of spodumene, focussing on the roasting, digestion and 
leaching steps. 
 
The following chapter presents a detailed literature review, structured to clarify the importance 
of lithium and its rapidly increasing demand in manufacturing battery packs for electric 
vehicles, to highlight spodumene (LiAlSi2O6) mineral as the critical resource to meet the future 
demands of lithium, to explore the role of thermal treatment in stimulating the structural 
changes of the well-packed framework of spodumene, to describe the existing works relevant 
to transformation reaction and processing technologies of this valuable pegmatite, and to 
spotlight the gaps in knowledge.   
 
Individual chapters elaborate on the relevant experimental techniques, as well as on the 
approaches deployed to analyse the measurements. 
 
Chapter 3 presents the observations from the in-situ high-temperature calcination of a 
concentrate of α-spodumene (α-LiAlSi2O6), elucidating different mechanistic pathways 
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governing the transformation process.  These pathways rely on the amorphicity and thermal 
history of the sample, leading to the formation of γ-spodumene and solid solutions with the 
mineral structure of β-quartz (β-quartzss) as the major intermediate phases.  
 
Chapter 4 focuses on the thermodynamic aspects of the transformation of spodumene 
concentrate, providing a comprehensive set of measurements from high-temperature 
calorimetric experiments.  The chapter reports the temperatures and enthalpies of the 
transformation reactions and presents the thermodynamic data for determination of the energy 
requirements for industrial operations. 
 
Chapter 5 explores the kinetics of the transformation reaction in a non-isothermal heating 
mode.  We report the measurements as a function of the extent of conversion and employ the 
isoconversional approach to obtain model-independent estimates of the activation energy.  The 
data serve to illustrate the complexity of the reaction, to parameterise the associated 
isoconversional activation energies, and to predict the conversion of spodumene in 
isothermally-heated industrial furnaces. 
 
Chapter 6 develops two roasting techniques for processing of spodumene concentrate with 
additives at relatively low temperatures, namely by (a) decreasing the calcination temperature 
followed by the usual digestion with sulfuric acid, and (b) replacing the acid digestion step 
with water leaching of the calcined material.  The additives of CaO in approach (a) and 
CaO/Na2SO4 in approach (b) serve to enhance the lithium recovery from spodumene. 
 
Chapter 7 draws concluding remarks of the entire dissertation and offers suggestions and 
recommendations for future studies.  
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Chapter 8 documents the supplementary material in the form of texts, tables and figures.   
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A comprehensive review on processing of spodumene 






This chapter introduces a comprehensive review of the processing of 
spodumene.  It provides a detailed explanation about the structural 
transformation of spodumene during the calcination stage and the 
applied methodologies for extracting lithium from this valuable 
resource.  It describes the mineralogical, thermodynamic and kinetic 
aspects that are related to the transformation reaction and explores the 
reported studies of spodumene processing technologies, leading to 
what has been developed in this thesis… 
  




Concerns about increasing atmospheric CO2 concentrations and its adverse effects on global 
climate have led to an increased use of renewable energy such as solar, wind and wave, and 
consequently an increased requirement to store electrical energy.  Due to the high energy 
density of lithium, recent studies focus on its application in future technologies in order to meet 
the world’s increasing energy demands (Fergus, 2010; Hu et al., 2013; Kucinskis et al., 2013; 
Liu et al., 2014; Manthiram et al., 2014; Scrosati and Garche, 2010; Stephenson et al., 2014; 
Tarascon and Armand, 2001; Wild et al., 2015).  Rechargeable Li-ion batteries are the preferred 
energy storage technology in both consumer electronics as well as electric vehicles (EVs), 
resulting in continuously increasing demand for lithium.  The total annual lithium demand has 
been increasing at a rate of 6 % to 9 % pa between 2015 and 2020 (Martin et al., 2017b).  The 
significant environmental and economic cost of refining lithium from pegmatites and the 
increase in lithium price over the last two years open a window of opportunity to develop 
innovative metallurgical processes.  Forecasts suggest decreasing price for lithium chemicals 
falling by around 45 % by 2021 from their peak values in 2017 and early 2018 (Priscila, 2018).  
These processes need to enable more efficient and more environmentally benign lithium 
extraction from spodumene and other pegmatites while minimising the amount of chemical 
feedstocks, by-product formation and energy requirements and thus the environmental 
footprint and cost of production of lithium chemicals. 
 
Besides salar brines, silicate minerals, such as spodumene LiAlSi2O6, constitute the most 
important source of lithium (Chagnes and Światowska, 2015; Garrett, 2004; Habashi, 1969).  
The large resources of spodumene and lower grade lithium ores such as petalite LiAlSi4O10, 
lepidolite K(Li,Al)3(Si,Al)4O10(F,OH)2, or zinnwaldite KLiFe
2+Al(AlSi3O10)(F,OH)2 promise 
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to satisfy the increased demand for lithium and respond rapidly to fluctuations in market 
demand.  Extraction of Li2CO3 from brines relies on slow evaporation that requires long lead 
times, in the order of two years, in comparison to five days needed for refining lithium 
chemicals from pegmatites (Chagnes and Światowska, 2015; Jiankang et al., 2015; Yaksic and 
Tilton, 2009).  However, the production of battery-grade lithium carbonate from silicate 
sources such as spodumene is generally more complex and energy-intensive than the 
production from brines, often resulting in doubling of the production costs (Chagnes and 
Światowska, 2015).  Spodumene represents the most abundant and economically most 
important mineral among lithium pegmatites and clays, with spodumene containing up to 8 wt. 
% Li2O (Edgar, 1968; Kesler et al., 2012; Vikström et al., 2013).  This has motivated the 
utilisation of this valuable resource to meet the accelerating and fluctuating demand for lithium. 
 
The naturally occurring spodumene adopts the α-structure (α-LiAlSi2O6),  i.e., the stable low-
temperature form (Clarke and Spink, 1969).  This phase exhibits a dense and fully ordered 
monoclinic (C2/c) configuration, resulting in high resistance towards attacks by chemical 
agents (Rosales et al., 2014).  The current modus operandi recovers lithium from spodumene 
via acid digestion (Chagnes and Światowska, 2015), which requires initial thermal treatment, 
i.e., the transformation of α-spodumene into more reactive phases that are amenable to 
digestion by strong sulfuric acid. 
 
At high temperatures, spodumene transforms into tetragonal β- and the hexagonally structured 
γ-phase (Li, 1968; Li and Peacor, 1968).  These polymorphs relate to one another by 
reconstructive transformations (Li, 1968) that are associated with a wide temperature window, 
slow kinetics and considerable energy consumption (Putnis, 1992).  This transformation 
process of α- to β-spodumene underpins the subsequent ion exchange of Li+ with H+ to produce 
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lithium chemicals (Clarke and Spink, 1969; Rosales et al., 2014; Skinner and Evans, 1960; 
Tian et al., 2011; White and McVay, 1958).  The heat treatment of spodumene, that, is usually 
performed in a rotary kiln, consumes large amounts of energy (Garrett, 2004; Metsärinta, 2015; 
Peltosaari et al., 2016).  The aggressive thermal and acidic treatments of spodumene, in 
addition to purification and recycling of by-products, constitute the key factors that define the 
environmental footprint of extraction of lithium from on an industrial scale. 
 
Recent reviews on lithium processing provided a general explanation about producing lithium 
chemicals from lithium minerals, brines, seawater and spent lithium-ion batteries (Choubey et 
al., 2017; Choubey et al., 2016; Meshram et al., 2014; Swain, 2017).  A detailed review that 
particularly focuses on spodumene processing has not been reported in the literature.  For this 
reason, this review comprises a comprehensive summary of the processing technologies of 
spodumene concentrate, including the associated thermal analysis of its phase transition.   
 
The present review is in three parts.  The first part focuses on the importance, usage and demand 
for lithium, addressing how processing of spodumene responds to these factors.  The second 
part characterises the structural transformation of spodumene.  Particularly, it focuses on 
mineralogical, thermodynamic and kinetic aspects that arise during calcination of spodumene, 
as presently practiced by industry.  The last part summarises the known technologies that can 
produce valuable lithium compounds from spodumene, as suggested in literature or 
implemented in industrial operations.  This review describes in details the spodumene 
processing routes, concentrating on methods of sulfate roasting and digestion by sulfuric acid 
and proposing an approach that we later develop in this thesis.  The beneficiation of spodumene 
ore and the purification of the pregnant leach solution (PLS) fall outside the scope of this 
review.  From time to time, we make references to the processing of lepidolite, for the reader 
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to gain an improved understanding of treating spodumene.  However, an exhaustive description 
of technologies for recovering lithium chemicals from lepidolite, per se, is also outside the 
scope of this review. 
 
 
2.2. Lithium Importance, Usage and Demand 
  
Lithium is the lightest known element that has a high electrochemical reactivity.  These 
properties facilitate significant applications of lithium in energy storage and electric vehicles.  
The high standard electrochemical potential of lithium affords this element a valuable 
application in lithium-ion batteries (LIBs).  The consumption of lithium in the manufacturing 
of batteries increased from 19 to 46 % of the global lithium production between 2007 and 2017 
and is expected to rise to around 66 % by 2025 (i.e., out of the global lithium production) (Ober, 
2008, 2018; Swain, 2017).  Lithium compounds have also been widely applied in production 
of ceramics and glass, lubricating greases, and some other fields such as continuous casting, 
air treatment, polymers, pharmaceuticals, metallurgy, rubber and thermoplastics (Deberlitz, 
2006; Ebensperger et al., 2005; Reichel et al., 2017; Swain, 2017).  Figure 2.1 illustrates the 
distribution of lithium consumption during the decade of 2007 to 2017 in different markets, 
reflecting a significant increase in the demand of lithium for manufacturing of batteries.  
    




Figure 2.1.  Global lithium uses for the different end-use market for 2007 – 2017.  Source: 
USGS, 2017. 
 
Concerns about the carbon dioxide footprint of the transport industry and also about the 
reliance on oil imports have attracted more interest to the electric vehicles (Vikström et al., 
2013).  In 1992, the nickel batteries, nickel-cadmium and metal hydride (NiMH), started to be 
replaced by lithium-ion batteries (LIBs) as reflected in Figure 2.2.  While the NiMH batteries 
demonstrated a satisfactory performance in EVs with reasonable thermal stability and energy 
density (Goonan, 2012), the replacement of NiMH by LIBs occurred because of the capacity 
of LIBs to reach energy density in excess of 140 Wh kg-1, much higher in comparison to 55 
Wh kg-1 of nickel batteries (Shukla and Kumar, 2013).  Their safety properties signify the main 
advantage of the NiMH battery systems.   
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Figure 2.2. Worldwide usage of rechargeable batteries in the period of 1991 – 2007.  Data are 
presented as an annual percentage of the total sales of different rechargeable batteries.  After 
Goonan, 2012.    
 
Table 2.1 presents a comparison between the NiMH and lithium-ion batteries.  The trend in the 
replacement of the NiMH batteries by LIBs in the electronic devices prompted the adoption of 
LIBs in electric vehicles manufactured after 2008 (Goonan, 2012).  Importantly, beside the 
higher energy density of the LIBs, they have the capacity for recharging even after being fully 
depleted (Gaines and Cuenca, 2000; Shukla and Kumar, 2013; Vikström et al., 2013).  The 
EVs currently average around 3 % of the annual total vehicle production, but they are expected 
to reach about 52 % in 2030 and 90 % in 2050 (Goonan, 2012).  Thus, sales of EVs drive the 






Chapter: 2               A comprehensive review on processing of spodumene (LiAlSi2O6) for lithium extraction 
24 
Table 2.1. Performance aspects of NiMH and LIBs batteries (*).  
Battery system Voltage 
(V) 
Specific energy 
density (Wh kg-1) 
Advantages Disadvantages 
NiMH 1.2 30 – 80   Moderate energy density,  
environmentally benign and 
safe to use 
High self-discharge, internal 
resistance, gas formation    
     
LIBs  
(LiCoO2) 
3.6 160 High specific energy and 
low self-discharge  
Safety electronics are required, 
costly (3 – 5 Wh $-1)  
     
LIBs 
(LiFePO4) 
3.25 80 – 120  Safe to use  Under development, costly (0.7 
– 1.6 Wh $-1)   
     
Li-polymer 3.7 130 – 200  High specific energy and low 
self-discharge 
Safety electronics are required, 
costly (3 – 5 Wh $-1)   
      * The data were extracted from Shukla and Kumar (2013).     
  
Figure 2.3 displays the estimated demand for lithium until 2050 (Vikström et al., 2013).  The 
rise in demand stems from the projected increase in the manufacturing of electric cars, as 
reported by the International Energy Agency (IEA., 2009).   
 
 
Figure 2.3. The forecasted growth of lithium demand rising above the current level and the 
growth of demand for electric vehicles, based on the IEA’s blue map scenario.  After Vikström, 
et. al., (2013). 
Chapter: 2               A comprehensive review on processing of spodumene (LiAlSi2O6) for lithium extraction 
25 
 
IEA’s estimate relies on its blue map scenario in which IEA suggested that, the development 
of new energy technologies would reduce the annual global CO2 emissions in 2050 to half of 
the level of 2005.  Beside the lithium demand for EVs, other uses for lithium are likely to 
increase as well.  Thus, the total consumption of lithium may exceed the IEA’s estimate 
(Vikström et al., 2013). 
 
Igneous lithium rocks and brines constitute the most abundant sources of lithium (Chagnes and 
Światowska, 2015).  Processing of brines involves evaporation, ion exchange, precipitation, 
solvent extraction and adsorption (Garrett, 2004).  Chile and the USA possess the largest 
resources of lithium in brines (Chapter 8, Appendix 1 Table S2.1).  The enrichment of lithium 
from brine deposits requires solar evaporation (An et al., 2012).  The evaporation process 
proceeds in shallow pond systems of a large surface area with exposure to sunlight.  While this 
process is relatively cheap, it is also slow.  The lithium production cycle to obtain Li2CO3 may 
take 1 – 2 years (Vikström et al., 2013) and is too sluggish to match changes in market demand 
for this commodity.  These limitations might be overcome in future by the development of 
advanced membrane-based purification technologies, but their cost should be optimised 
(Somrani et al., 2013).  Contrary to the evaporation issues in brines, extraction of lithium from 
rocks (mainly spodumene LiAlSi2O6) requires only around five days, allowing lithium 
chemicals to be continuously produced through the whole year (Grosjean et al., 2012).  
Spodumene can be treated equally effectively to obtain LiOH·H2O and Li2CO3 (Chagnes and 
Światowska, 2015).  However, converting Li2CO3 to LiOH involves a reaction with hydrated 
lime (aka slaked lime or Ca(OH)2) in a relatively complex process (Hader et al., 1951) that is 
associated with long reaction time and low yield (Yuan et al., 2017).   
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Among many lithium ores, spodumene occurs in large but non-concentrated deposits (typically 
12- 30 % spodumene) in association with quartz (22 – 27 %), feldspar (30 - 50 %) and mica (3 
– 5 %), with accessory minerals of apatite, tourmaline and beryl, in addition to traces of rutile 
(TiO2), cassiterite (SnO2), monazite (Ce,La,Nd,Th)PO4, columbite (Fe2Nb2O6), pyrite (FeS2), 
and pyrrhotite (FeS) (Colton, 1957).  The aluminosilicate pegmatites such as spodumene, 
lepidolite and petalite are economically viable for lithium processing because of large deposits 
of these minerals (Meshram et al., 2014).  Spodumene represents the most commonly available 
lithium-bearing pegmatite with high lithium content (Chapter 8, Appendix 1 Table S2.2 and 
S2.3).  While spodumene mineral may contain up to 8 % Li2O, in practice spodumene mines 
sell 5.5 – 6 % concentrates, obtained by dense media separation and/or mineral flotation 
(Chagnes and Światowska, 2015; Garrett, 2004) depending on whether spodumene is primary 
or secondary (i.e., formed from petalite).   
 
Talison Lithium Ltd., the largest producer of spodumene, operates the Greenbushes mine in 
Western Australia, a joint venture between Tianqi (51 %) and Albemarle Corporation (49 %).  
Currently, the mine supplies about 30 % of the global demand for lithium (Smith, 2018).  The 
treatment of spodumene in a typical lithium refinery that processes 6 % Li2O concentrate 
includes calcination, acid digestion, leaching and purification (Garrett, 2004).  In the next 
sections of this Chapter, we will focus on the calcination, digestion and leaching processes, 
while the purification falls outside the scope of this review.  We will also review historical 
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2.3. Calcination of Spodumene Concentrate 
 
Spodumene naturally occurs as α-spodumene refractory, which is resistant to dissolution by 
most chemical reagents (Rosales et al., 2014).  Consequently, thermal treatment of α-
spodumene at a temperature above 1000 ºC is essential to transform it into the more reactive 
β-phase for lithium extraction (Botto, 1985; Clarke and Spink, 1969; Rosales et al., 2014; Tian 
et al., 2011).  The β-spodumene mineral forms part of the keatite solid solution series (keatitess, 
sometimes is also referred to as β-spodumeness) and is isostructural with the tetragonal form of 
SiO2, spanning compositions from SiO2 to eucryptite (LiAlSiO4) (Keat, 1954; Ray, 1973; 
Skinner and Evans, 1960).  At high temperature, spodumene can also occur as the hexagonal 
γ-spodumene, which is part of the high-quartz solid solution in the Li2O-Al2O3-SiO2 (LAS) 
system, and it is sometime referred to as the stuffed derivative of β-quartz (Buerger, 1954; Li, 
1968; Xu et al., 2000).  The γ-form of spodumene has been variably considered as a high-
pressure phase (Munoz, 1969) or an intermediate phase between α- and β-spodumene (Li, 
1968; Peltosaari et al., 2015) arising upon  heating of α-spodumene.  Uncertainty still exists in 
the stability field of γ-spodumene (Welsch et al., 2015).   
 
 
The commercial plants for processing of α-spodumene calcine the concentrate at 1050 – 1100 
ºC for 0.5 – 2 h to convert it to β-spodumene, followed by digestion of β-spodumene with 
sulfuric acid (> 90 %, typically > 93 %) at 250 ºC for 1 h (Ellestad and Milne, 1950).  For 
example, the process operated by Lithium Corporation of America, involved decrepitation of 
α-spodumene at 1100 ºC to reach its 99 – 100 conversion (Hader et al., 1951).  In this process, 
protons replace the Li+ cations resulting in formation of water-soluble Li2SO4.  The yield of 
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the leaching step strongly depends on the extent of conversion of α-spodumene to its β-form 
that in practice relies on the temperature of calcination to reach at least 1050 ºC, as shown in 
Figure 2.4.  This figure also demonstrates that, heating the concentrate at 950 ºC is not sufficient 
for Li extraction, and a considerable recovery occurs only above 1000 ºC.  Literature provides 
examples of many acid digestion experiments that report no significant recovery of lithium 
from α-spodumene (Berger et al., 1990; Ellestad and Milne, 1950; Gasalla et al., 1987; Rosales 
et al., 2014; White and McVay, 1958).  These results, in fact, indicate high stability of α-




Figure 2.4. Variation of lithium extraction from spodumene as a function of calcination 
temperature in a constant period of time of 0.5 h.  The calcine was treated with 30 – 40 % 
excess of 98 % H2SO4 at 250 ºC at a reaction time of 1 h.  The data were extracted from Ellestad 
and Milne (1950).  
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2.3.1. Stability of α-spodumene and its high-temperature polymorphs  
 
Direct extraction of lithium from α-spodumene is not practical due to its mineral structure.  The 
crystalline structure of α-spodumene adopts a monoclinic single chain (pyroxene) 
configuration (Cameron et al., 1973; Papike et al., 1969).  Figure 2.5 illustrates the stability 
boundaries of silicates that are represented by the correlation between the angular strain ∆T – 
O – T and the change in the volume per oxygen atoms away from the optimal 15 A
ͦ 3 (Liebau, 
1985).  Symbol Δ stands for 140º subtracted from the angle Si – O – Si, if Si happens to be in 
tetrahedral positions, where O belongs to two adjacent tetrahedral; the angle of 140º 
corresponds to a non-strain configuration. 
 
 
Figure 2.5.  Correlation between the angular strain and the oxygen density that is represented 
by the difference from the ideally stable silicate in terms of the bond angle between two 
tetrahedral sites T – O – T = 140º and the volume per oxygen atom of VOX = 15 A
ͦ 3.  After 
Liebau (1985) with modification. (y-axis unit 1 A
ͦ
 = 10-10 m) 
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In Fig. 2.5, the area in the vicinity of (0, 0) indicates minimal stresses between adjacent 
tetrahedra and good space filling of the structure.  In particular, pyroxenes such as α-
spodumene fall within this high-stability area, but the high-temperature polymorphs of 
spodumene (i.e., γ- and β-spodumene) lie away from the (0,0) region, indicating their lower 
thermodynamic stability and (also from experiments0 higher reactivity, as elucidated in Table 
2.4 and Fig. 2.5. 
 
Table 2.2 Crystal structure data of different spodumene polymorphs 
Polymorph Crystal 
structure  










α-spodumene Pyroxene (Papike et al., 1969) 139 16.2 -1 1.2 
β-spodumene Keatite (Li and Peacor, 1968; 
Skinner and Evans, 1960) 
149.4 21.7 9.4 6.7 
γ-spodumene High quartz (Li, 1968) 151.6 21.5 11.6 6.5 
(a) (Liebau, 1985) 
(b) A
ͦ
 = 10-10 m  
 
Silicate minerals consist of the SiO4 tetrahedral blocks, where the central silicon atom bonds 
with four oxygen atoms.  The silica tetrahedra build chains by sharing oxygen atoms that form 
part of two tetrahedrons.  In α-spodumene, both Li+ and aluminium Al3+ ions are located in the 
octahedral holes (Mast, 1989; Welsch et al., 2012); i.e., spaces between two tetrahedral 
belonging two adjacent SiO4
2- chains.  This distribution provides a dense and well-packed 
framework that prevents the mobility of Li+ ions (Welsch et al., 2015).  Calcination induces a 
polymorphic transformation of α-spodumene to two other mineral structures.  Figure 2.6 
illustrates the three polymorphs of spodumene, which are related by reconstructive 
transformations (Li and Peacor, 1968). 
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Fig. 2.6. Graphical representation of the structures of (a) α-spodumene of V = 389.15 A
ͦ 3 and ρ = 3.160 g cm-3 (Clark et al., 1969),  (b) β-spodumene 
of V = 520.67 A
ͦ 3 and ρ = 2.365 g cm-3 (Li and Peacor, 1968), and (c) γ-spodumene of V = 128.79 A
ͦ 3 and  ρ = 2.395 g cm-3 (Li, 1968).  (after 




The main aspect of this transformation is the shift in the position of the Al3+ ion from sixfold 
coordination in α-spodumene (octahedral site) to the fourfold coordination in γ- and β-
spodumene (tetrahedral site) (Li, 1968; Li and Peacor, 1968; Sharma and Simons, 1981).  The 
transition of Al3+ to the tetrahedral coordinate enables the formation of large interstitial space 
in β- and γ-spodumene that significantly increases the mobility of Li+ (Welsch et al., 2012; 
Welsch et al., 2015), due to the appearance of zeolite-like channels in the high-temperature 
polymorphs of spodumene (Li and Peacor, 1968; Skinner and Evans, 1960; Welsch et al., 
2015).  These channels facilitate the counter diffusion of Li+ and H+, or Li+ and Na+, during the 
typical acid roasting processes (Li and Peacor, 1968; Müller et al., 1988; Skinner and Evans, 
1960; Welsch et al., 2015).   
 
The structural transformation of spodumene from its highly stable α-form to the more reactive 
phases has been studied from different aspects.  As the phase transition of spodumene 
represents a thermally stimulated process, the majority of these studies focused on monitoring 
the transformation reaction as a function of temperature and time.  Crystallographic, dynamic 
and kinetic studies of phase transformation rely mostly on using in-situ or ex-situ mineralogical 
and thermal analyses techniques.  Numerically, the density functional theory (DFT), most 
frequently coded in the Vienna ab-initio simulation package (VASP), served to investigate the 
phase transition from theoretical perspectives  (Kresse and Furthmüller, 1996).  For example, 
Moore et al. (2016) estimated the variation of the energy difference between α- and β-
spodumene as a function of temperature, and determined the most stable configuration of β-
spodumene and associated distribution of Al3+, in these minerals.      
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2.3.2. Mineralogical aspects of spodumene transition 
 
Several X-ray mineralogical studies investigated the transformation of α-spodumene during 
calcination (Gasalla et al., 1987; Moore et al., 2018; Peltosaari et al., 2015; Salakjani et al., 
2016; White and McVay, 1958).  In these analyses, different phases and reaction pathways 
were reported from heating spodumene concentrates as a function of sample purity and average 
particle size.  White and McVay (1958) only identified a trace amount of β-spodumene by 
heating a high-purity crystalline concentrate of 98 %, for 3 h heating at 900 ºC, but reported 
the full conversion at 1050 ºC.  However, for a sample that exhibited a slightly lower purity of 
95 %, Moore et al. (2018) and Salakjani et al. (2016), reported γ- and β- spodumene to appear 
after 1 h heating at 950 ºC, as seen in partially overlapping XRD spectra of these minerals 
(Moore et al., 2018; Salakjani et al., 2016).  Full conversion of α-spodumene occurred at 1100 
ºC, and γ-spodumene transformed to β-spodumene after 2 h heating at this temperature. 
 
Peltosaari et al. (2015) have recently reported the appearance of γ-spodumene in concentrate 
of coarse crystalline spodumene heated at 800 ºC; i.e., a sample that was not beneficiated by 
flotation.  The maximum content of γ-spodumene of this sample did not exceed 40 – 45 %, 
with γ-spodumene converting to β-spodumene at 1100 ºC.  However, a sample of 98 % purity 
showed the persistence presence of α-spodumene at 800 ºC, even after a heating period of 240 
h (White and McVay, 1958).  Consistently, no γ-spodumene appeared in a sample of 95 % 
purity that Salakjani et al. (2016) heated to 800 and 850 ºC at different time periods.  However, 
Gasalla et al. (1987) and Gasalla and Pereira (1990) reported the formation of γ-phase by 
heating a highly-amorphous sample of spodumene concentrate at this temperature.  The authors 
demonstrated that, the amorphous spodumene (15 µm) started to transform at 850 ºC.  It 
completely converted to γ-spodumene when heated at 950 ºC and later to β-phase at 1080 ºC.  
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Table 2.3 summarises the transition of spodumene concentrate under different heating 
conditions. 
 


















98 ~ 150 900 3 β 1050 -- α → β (White and McVay, 
1958) 
95 ~250 950 0.5 γ + β 1100 2 α → (γ + β) 
 → β 
(Salakjani et al., 
2016) 
NR ~3 mm 800 2 γ + β 1100 2 α → γ → β (Peltosaari et al., 
2015) 
 
NR ~10 mm -- -- -- 1050 30 α → β + 
virgilitec 
(Colin et al., 2018) 
 
80    Amphsd 850 1 γ 1080 1 α → γ → β (Gasalla et al., 1987) 
(a) Onset temperature of forming new phases. 
(b) Full conversion temperature to obtain final spodumene polymorphs. 
(c) Lithium aluminosilicate (LixAlxSi3-xO6). 
(d) Amorphous spodumene concentrate with particle sizes of less than 15 µm. 
 
The summary of findings from literature presented in Table 2.3 indicates that temperature, 
heating time, particle size and presence of impurities define the appearance of different 
pathways for the transformation of α-spodumene to β- and/or γ-phases.  The highly pure 
concentrates (98 %) display a unique transition reaction pathway of α- to β-spodumene.  In the 
lower purity samples (95 %), α-spodumene simultaneously transforms to γ- and β-phase.  The 
amorphous sample sequentially converts from α- to β-spodumene through the presence of γ-
spodumene as an intermediate phase.  In the large particle size concentrate (~3 mm), γ-
spodumene appears at 800 ºC and transforms to β-phase at high temperature (1100 ºC).  
Similarly, Colin et al. (2018) identified vergilite, the phase that exhibits the same structure as 
γ-spodumene but with relatively higher content of quartz, arising on heating large particles of 
spodumene (10 mm) at 1050 ºC.  The reported measurements suggest that: (1) γ-spodumene 
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forms during the heating of amorphous and relatively low-purity samples, while γ-spodumene 
does not appear in calcination of high-purity and crystalline concentrates; (2) both the 
amorphous and impure concentrates commence to transform at lower temperatures than the 
high purity samples; (3) β-spodumene constitutes the most stable phase at high temperatures.   
 
Most of these studies involved ex-situ measurements after cooling the experimental samples to 
ambient.  This provides enough time for sample relaxation.  The cooling method may affect 
the transition, especially of the metastable polymorphs.  The effect of the heating rate on the 
transformation of spodumene was not clarified.  Some studies using crystalline α-spodumene 
did not report the appearance of γ-spodumene during calcination of concentrates of α-
spodumene (Botto, 1985; Gasalla and Pereira, 1990; Medina and El-Naggar, 1984; Tian et al., 
2011).  Therefore, detailed mineralogical analyses that involve in-situ and ex-situ 
measurements are urgently needed to obtain insights into the effects of crystallinity (and/or 
amorphicity), heating rate and the role of impurities on phase transitions. 
 
 
2.3.3. Calorimetric aspects of spodumene transition 
 
Thermal behaviour of spodumene concentrates has been studied using different thermo-
analytical techniques, from ambient to temperatures in excess of 1200 ºC.  An individual 
endothermic peak characterises the phase transition, with the location of the transition point 
affected by the particle size and the presence of impurities.  Table 2.4 lists the measurements 
of the transition temperature, as reported in the literature.   
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Table 2.4 The characteristic temperatures of spodumene transformation  
Purity 
wt.% 





~ 98 SiO2 ~ 150 ~ 1060 – 1070  (White and McVay, 1958) 
 
~ 90 (SiO2, K2O, Na2O, 
Fe2O3, MgO, CaO) 
~ 75 1050 (El-Naggar et al., 1988; 
Medina and El-Naggar, 
1984) 
~ 80 (SiO2, K2O, Al2O3, 
Na2O, CaO) 
~ 370 1050 (Gasalla et al., 1987) 
 
(a) Peak temperature of the differential thermal analysis DTA curve 
 
The figures in Table 2.4 appear to indicate that, the transition temperature increases with 
increasing purity and the particle size of the sample.  More detailed analyses demonstrated that, 
the excess of SiO2 reduces the transition temperature by approximately 50 – 100 ºC (White and 
McVay, 1958).  Decreasing the particle size also shifts the transition peak temperature to lower 
values, while aggressive grinding (i.e., amorphising the surface layer of mineral in the particles) 
produces an exothermic peak at 820 ºC (Gasalla et al., 1987; Gasalla and Pereira, 1990).  The 
decrease in the transformation temperature of samples of low purity and small grain size 
concurs with the XRD measurements discussed in Section 2.3.2. 
 
Pankratz and Weller (1967) performed thermodynamic studies involving measurements of heat 
content 〈HT
° -H298.15
° 〉 〈T-298.15〉⁄ , from ambient to above 1150 and 1600 K (877 and 1327 ºC) 
for α- and β-spodumene, respectively.  The authors observed that, α-spodumene persisted up 
to 1155 K (882 ºC) as shown in Fig. 2.7, with their XRD experiments demonstrating an 
irreversible transformation of α- to β-spodumene above this temperature.  These authors 
compared their results with the previously suggested transition temperature of 700 ºC (Roy and 
Osborn, 1949), the latter achieved after fine grinding and long heating time.  Pankratz and 
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Weller (1967) concluded that, the existence of α-spodumene above 1000 K reflected 
sluggishness of the transition reaction, i.e., slow kinetics. 
 
 
Figure 2.7. Variation of the molar heat content as a function of temperatures for pure α-, β-
spodumene (α-LiAlSi2O6) and β-eucryptite (β-LiAlSiO4). 
 
Handbooks for thermodynamic functions of minerals tabulate the data for α- and β-spodumene 
(Ihsan, 1989; Robie and Hemingway, 1995), as derived from these early experiments (Pankratz 
and Weller, 1967).  Variations of the calculated molar Gibbs free energy Gº(T) of α- and β-
spodumene suggest the transformation temperature of 1000 K (727 ºC), as indicated in Fig. 
2.8.  Table 2.5 quotes the estimated values of the molar enthalpy ∆𝐻𝑇
° ,  entropy ∆𝑆𝑇
°  and Gibbs 
free energy ∆𝐺𝑇
°  changes extracted from the data of pure substances at 1000 K (727 ºC) (Ihsan, 
1989). 




Figure 2.8. Variation of the molar Gibbs free energy of pure α- and β-spodumene with 
temperature.  𝑇𝑒𝑞 represents the equilibrium temperature when ∆Gº = 0.  The data extracted 
from Ihsan (1989).  
 
Table 2.5 Thermodynamics of the transformation reaction of spodumene estimated from 
reference data (*). 
Phase T (K) HT




 (kJ mol-1) 
α-spodumene 1000 -2903 381 -3283 
β-spodumene 1000 -2873 411 -3283 
Differences at 
1000 K 
 30 30 0.0 
* The data were extracted from Ihsan (1989)  
Table 2.5 collects the thermodynamic potentials of pure α- and β-spodumene.  The 
transformation reaction entails an endothermic enthalpy change of about 30 kJ mol-1.  However, 
a previous study reported this change to fall between 30 and 72 kJ mol-1 using the T-P diagram 
to evaluate the enthalpy difference according to the equation of ∆H°=T∆VdP/dT, where, T is 
the transition temperature in the range of 530 – 550 ºC, as extrapolated from three high-pressure 
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experiments, P the applied pressure in the range of ~30 – 3000 bar, and ∆V the difference in 
the molar volume of β- and α-spodumene (Edgar, 1968).  Other high-pressure (1000 bar) 
experiments yielded different ranges of the extrapolated transition temperatures of 375 – 520, 
550 – 600 and 530 – 750 ºC (Grubb, 1973; Munoz, 1969).  The reported transformation 
temperature of α-spodumene of 727 – 900 ºC obtained from experiments performed under 
atmospheric pressure significantly exceed those extrapolated from the high-pressure 
measurements (Botto et al., 1975; Mast, 1989; Roy and Osborn, 1949).  A complete thermal 
analysis, based on carefully-conducted experiments, is required to gain details of the phase 
transitions of concentrates of α-spodumene, i.e., starting from ambient up to temperatures that 
correspond to the stability field of β-spodumene.  Such measurements should also provide 
characteristic temperatures and enthalpies of the entire transformation process. 
 
 
2.3.4. Kinetic aspects of spodumene transition 
 
The wide temperature window of the transformation of α-spodumene (727 – 900 ºC) obtained 
from experiments performed under atmospheric pressure indicate the slow rate of the transition 
reaction (Pankratz and Weller, 1967; White and McVay, 1958), suggesting a kinetically-
limited process associated with a high activation barrier (Ea).  Two studies that reported the 
transformation kinetics of concentrate of α-spodumene (Botto and Arazi, 1975; Moore et al., 
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99 -- 880 ≤ T < 930 
930 < T ≤ 1050 
750 
290 
α → β 
α → β 
First order  
First order  
(Botto and 
Arazi, 1975) 
90 ~ 5 896 ≤ T ≤ 940 800 α → (γ + 
β),  








Both used the first-order model of Avrami-JMAK (Avrami, 1939) to describe the transition 
process, proposing a different interpretation for the reaction mechanism.  One study suggests 
that below 930 ºC, nucleation dominates the reaction mechanism, while at a higher temperature, 
instantaneous nucleation and one-dimensional growth govern the transformation process 
(Botto and Arazi, 1975).  However, Moore et al. (2018) argued that, the transition involves a 
constant ratio of γ- and β-spodumene with no evidence of a two-step reaction mechanism.  They 
proposed that high activation energy arises as a consequence of slow nucleation and diffusion 
processes (Moore et al., 2018). 
 
Disadvantages accompany the determination of the kinetic parameters from isothermal 
experiments, as one cannot avoid the reaction progress during the ill-defined periods of heating 
up and cooling down of samples.  From experiments performed at constant heating rates, the 
classical model fitting technique provides the so-called kinetic triples (Ea, A and controlling 
process) for an overall reaction or a small number of non-fundamental steps; i.e., reaction, in 
which several elementary reactions may operate at the same time.  The key difficulty lies in the 
non-unique character of the kinetic triples.  The classical approach prevents the development 
of a robust model that can be applied to isothermal heating that characterises typical industrial 
operations.   
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These difficulties are avoided by the isoconversional approach suggested by (Vyazovkin et al., 
2011).  An Ea-α relationship derived from the isoconversional approach affords sufficient 
information to obtain predictions relevant to practical operations, including isothermal 
processes; here, α stands for conversion of spodumene.  There is no need to obtain the pre-
exponential factor (A) or gain insight into the controlling mechanism.  However, the shape of 
an Ea-α relationship in itself reveals the key features of the underlying kinetic mechanism, such 
as whether the mechanism proceeds through parallel or serial steps.  An activation energy that 
is independent of conversion indicates the existence of a single reaction. 
 
 
2.4. Metallurgical Processing of Spodumene 
 
Figure 2.9 summarises different technological approaches to refine α- and β-spodumene into 
valuable lithium chemicals.  In many cases in the extraction of lithium from β-spodumene, less 
strict conditions result in a higher conversion.  Three technologies dominate processing of 
spodumene: (1) acid route for digesting of β-spodumene with concentrated H2SO4 (> 90 wt.%) 
at 200 – 300 ºC to produce the water-soluble Li2SO4; (2) roasting route for heating of 
spodumene (mainly α-spodumene) with alkali compounds (alkaline oxides, hydroxides, 
carbonates, chlorides and sulfates) at high temperatures to produce soluble lithium compounds; 
(3) alkaline leaching route for reacting β-spodumene with solutions of salts and hydroxides of 
alkali and alkali-earth metals at high pressure and moderate temperatures (40 bar, 250 ºC) to 
produce soluble lithium compounds. 
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Figure 2.9. Summary flowsheet for refining spodumene to lithium chemicals.  After Chagnes 
and Światowska (2015), with modifications.   
 
With respect to Figure 2.9: Comminution indicates the reduction of spodumene particle sizes 
by crushing and grinding; Beneficiation denotes the process of removing the associated gangue 
minerals (impurities) from spodumene ore to produce a higher grade concentrate; 
Calcination/Decrepitation corresponds to heating of α-spodumene concentrate at 1050 – 1100 
ºC to engender the structural transformation of α- to β-spodumene; Acid digestion signifies the 
strong acid treatment of spodumene with mainly H2SO4 under thermal conditions of 250 – 300 
ºC to produce the water-soluble Li2SO4; Roasting stands for the heating process of spodumene 
with alkali and alkali-earth metal compounds (salts, oxides and hydroxides) at high 
temperatures to produce soluble lithium compounds; Leaching is the dissolution of solvable 
lithium species by hot water or extraction of lithium from β-spodumene by solutions of salts 
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and hydroxides during a high-pressure leach operation; Alkaline leaching involves high-
pressure reaction of β-spodumene (40 bar, 250 ºC) with solutions of (mainly) sodium salts such 
as Na2CO3, Na2SO4 and NaCl under alkaline conditions.   
 
Two technologies have been used for spodumene processing on industrial scale, namely: (1) 
lime roasting process, the method that was implemented by the Foote Mineral Company in the 
USA (now Chemetall-Germany) 1950 – 1984 for roasting of spodumene with CaO and 
producing LiOH.  This technology could not compete, especially in the late 1990s, when the 
South American producers of Li2CO3 from brines decreased their prices.  (2) The sulfuric acid 
digestion process is the only technology presently available to refine β-spodumene to lithium 
chemicals.  Metalloy Corporation, subsequently a division of Lithium Corporation of America 
then FMC Lithium and now Livent Corporation, introduced the sulfuric acid digestion process 
in the 1940s (Ellestad and Milne, 1950; Hader et al., 1951), presently implemented in all 
lithium refineries across the globe.  For example, by Jiangsu (China) deploys it to produce 
Li2CO3 or Nemaska Lithium Inc to manufacture high purity LiOH of 99.7 %.  Recently, Tianqi 
Lithium Australia has located its lithium refinery in Kwinana, Western Australia, to produce 
battery-grade LiOH with a design capacity of 48,000 tonnes per year (almost 60 times larger 
than the operation of Lithium Corporation of America at its original plant in St. Louis Park, 
Minnesota, USA, ca 1951!), to come on stream in the second half of 2019 (Vaughan et al., 
2018).  Five other companies are either conducting feasibility studies or have foreshadowed 
constructing lithium refineries in Western Australia, including Covalent Lithium (a joint 
venture of Kidman and SQM), Albemarle, Mineral Resources, Altura, Pilbara and Neometals. 
 
Generally, there is no specific classification of processing technologies for spodumene.  Some 
reviews grouped these methods based on the end-product of lithium compounds that form 
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during the digestion, roasting or leaching steps.  For example, nomenclature such as sulfation, 
chlorination, carbonation and fluorination describes methods that produce Li2SO4, LiCl, 
Li2CO3 and LiF, respectively (Choubey et al., 2016).  Other reviews classified the treatment 
technologies depending on the type of additives such as acid or alkaline processes, referring to 
treating spodumene with acid and alkaline materials (Meshram et al., 2014).  In the current 
review, we will use the term “digestion” to denote the typical industrial treatment of β-
spodumene with concentrated H2SO4 at 250 – 300 ºC, and reserve the word “roasting” to 
represent the heating of α- or β-spodumene with different additives and the term “alkaline 
leaching” to represent the pressure leaching processes of β-spodumene with solutions of salt of 
alkaline and alkaline-earth metals at around 200 – 250 ºC.  While roasting operations typically 
proceed at 900 – 1150 ºC, roasting of β-spodumene with mixtures of Na2CO3 with sodium 




2.4.1. Processing of spodumene via acid digestion route  
 
This process involves the selective extraction of lithium from the β-spodumene without 
breaking up the crystalline structure of the mineral (Ellestad and Milne, 1950; Sitando and 
Crouse, 2012).  Ion exchange underpins the chemical reaction that includes the hydrogen 
cations (H+, or simply protons) from H2SO4 acid replacing the lithium ions Li
+ in the β-
spodumene (Ellestad and Milne, 1950; Müller et al., 1988; White and McVay, 1958).  The 
process operates by counter diffusion of Li+ and H+ inside the interstitial channels in the 
mineral.  Prior to the digestion, concentrates of α-spodumene (typically 5 – 6 % Li2O) undergo 
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calcination at 1050 – 1100 ºC for ½ – 2 h to obtain the more reactive polymorph of β-
spodumene. 
 
The digestion of β-spodumene requires concentrated sulfuric acid of more than 90 % strength 
(typically > 93 %) at 250 ºC for 30 min - 1 h with an excess acid of 30 - 40 %, depending on 
concentration of lithium in the feedstock (Ellestad and Milne, 1950; Francis et al., 2018; Hader 
et al., 1951).  The digestion step requires prior thermal conversion of α- to β-spodumene with 
this thermal conversion operating within a temperature window of 1050 – 1100 ºC and under 
ambient pressure for ½ – 2 h (Ellestad and Milne, 1950; Maurice et al., 1962).  The combined 
calcination and digestion step recover about 85 – 90 of lithium present in the feed to the kiln.  
The insoluble by-products of the roasting process comprise the keatite-like aluminosilicate 
HAlSi2O6 with the same structure as that of β-spodumene (Müller et al., 1988; Vogt et al., 
1990).  The roasting proceeds by a strongly exoergic reaction according to the following 
equation: 
 
2β-LiAlSi2O6 + H2SO4 = Li2SO4 + 2HAlSi2O6  (∆Gº = -140 kJ mol
-1) (2.1)     
 
Currently, all lithium refineries use the acid digestion process (Rentsch et al., 2018).  However, 
this technology requires high thermal energy for converting the naturally occurring α-
spodumene (~ 2,800 MJ t-1 high grad-spodumene concentrate), large quantities of acid (~7.9 t 
H2SO4 per one tonne of lithium) and significant amounts of additives to neutralise the acidity 
(~ 8 t additives per one tonne of lithium) (Seddon, 2016).  It also requires expensive acid-
resistant equipment and generates acidic aluminosilicates and Na2SO4 by-products 
(Dlugogorski, 2018; Martin et al., 2017a; Rentsch et al., 2018), both difficult to reuse or 
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recycle.  These factors are associated with high processing costs and add to the environmental 
footprint of the process.   
 
 
2.4.2. Processing of β-spodumene via alkaline leaching route 
 
The alkaline leaching process represents an attempt to overcome the acidity drawbacks of the 
H2SO4 digestion route.  The process involves reacting β-spodumene with Na
+ or Ca2+ in 
strongly alkaline solutions.  Typically, one employs solutions of NaOH, Ca(OH)2, Na2CO3, 
NaCl, CaCl2 and Na2SO4 in a temperature window of 140 – 300 ºC and under high pressure 
(i.e., corresponding to the water saturation pressure) to produce dissolved LiOH, LiCl and 
Li2SO4 or precipitated Li2CO3. 
 
 
2.4.2.1. Alkaline leaching via carbonate (soda ash) solution 
  
Previous laboratory and pilot-plot studies, most commonly, deployed solutions of soda ash, 
Na2CO3, to leach β-spodumene, in a temperature range of 140-300 ºC in a pressure vessel for 
direct production of lithium carbonate Li2CO3.  For example, (Maurice, 1963) obtained the 
maximum lithium extraction of 94 %, as Li2CO3, at 235 ºC and ~27 bar.  Dlugogorski (2018) 
overviewed this process focusing on its main technical and commercial aspects, to identify 
obstacles for the practical implementation of this technology and its advantages in comparison 
to ion exchange of Li+ in β-spodumene with H+ from concentrated sulfuric acid.  In particular, 
the technology eliminates the need for sulfuric acid and subsequent neutralisation, producing 
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no Na2SO4 that is difficult to recycle.  The stoichiometric equation that corresponds to this 
process is: 
2β-LiAlSi2O6 + Na2CO3 + 2H2O = Li2CO3 + 2NaAlSi2O6·H2O (2.2) 
 
The extraction of lithium leads to precipitation of Li2CO3 as the reaction proceeds under 
alkaline conditions.  These conditions also prevent polymerisation of silica that arrests the 
extraction process.  Once this precipitation comes to completion, the initial purification steps 
include bubbling of CO2 to decrease pH and to transfer lithium from carbonate to bicarbonate 
that dissolves easily.  Adding Ca(OH)2 in the extraction stage, while effective in inducing 
alkaline pH in the subsequent leaching step, makes the ensuing purification of the target lithium 
chemical more difficult (Dlugogorski, 2018; Francis et al., 2018; Mast, 1989).   
 
Recently, Chen et al. (2011) reported the extraction of up to 94 % lithium from β-spodumene 
by optimising the operation of an autoclave reactor, at 225 ºC for 1 h, solid/liquid ratio S/L of 
1:8, Li/Na mole ratio of 1:1.25 and agitating speed of 300 rpm.  In the Li2CO3 dissolution step, 
CO2 gas flowed at 0.5 L min
-1 for 120 min.  The residue contained only analcime 
(NaAlSi2O6·H2O) and quartz (SiO2).  While analcime exhibits no acidic character, as it is the 
case for the aluminosilicate that forms in the sulfuric acid process, it contains sodium that 
prevents its use as a soil improver. 
 
As argued by Dlugogorski (2018), the Na2CO3 leach technology can resolve problems of using 
a strong acid, need for neutralising additives, and recycling of by-product chemicals, but it does 
not remove the requirement for energy-intensive conversion of α- to β-spodumene.  While 
requiring further purification, the process precipitates Li2CO3 directly during the leaching step. 
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The first attempt to implement the process on an industrial scale was that of Sons of Gwalia 
(Harman, 2018; Linden, 2018).  At the time the company owned and operated the Greenbushes 
lithium mine in Western Australia.  In October 1994, Sons of Gwalia awarded the contract to 
Minproc to design and construct a lithium carbonate plant using the sodium carbonate pressure 
leach technology, with the plate capacity of 5000 Li2CO3 tpa.  There were severe capital cost 
constraints on the project.  Curtin University in Perth performed the pilot-plant testing.  This 
testing identified reverse solubility and potential mechanical-seal issues.  It was (wrongly) 
assumed that, these matters would be addressed adequately in the full-scale design, and it was 
impractical to test the fluidised bed calciner at a pilot scale.  The plant was commissioned in 
1995 but started with intermittent operation over 12 months because of technical issues with 
fluidised-bed calciner, scaling due to retrograde (inverse) solubility of Li2CO3 in the wet 
hydromet circuit that periodically precipitated and blocked the pipework, and failing seals on 
the agitator shafts in the leach vessels.  The production was very low (<100 tonnes) and even 
major modifications did not resolve the technical issues.  In July 1997, Sons of Gwalia 
shutdown the plant due to a combination of SQM lowering of the selling price for lithium to 
~$2000 per tonne Li2CO3 and ongoing technical issues.  The technical staff on the project felt 
that given time the remaining problems would have been overcome (Harman, 2018; Linden, 
2018). 
 
In 2008, Galaxy Resources Ltd performed preliminary tests to produce battery-grade Li2CO3 
with a purity of > 99.5  (Choubey et al., 2016; Galaxy Resources Ltd, 2008).  While their results 
showed the commercial viability of this process to produce the battery-grade Li2CO3, the 
company appeared not to proceed with the pre-feasibility study.  From 2014 - 2018, Keliber 
Oy in Finland pilot tested the production of Li2CO3 as part of the pre-feasibility and bankable 
feasibility studies, the latter for a plant with an annual output of 11,000 t Li2CO3 (Keliber Oy, 
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2018).  These experiments involved concentrate grades of spodumene of 4.5 – 5 Li2O.  The 
final results from the pilot plant indicated the extraction of 88 – 95 % in hydrometallurgical 
processing, depending on the ore deposit of the concentrate, with the purity of Li2CO3 of at 
least over 99.67 % (Keliber Oy, 2016). 
 
Figure 2.10. Flowsheet of Keliber lithium project in Finland for producing 11,000 tpa Li2CO3. 
 
The front-end calcination process operates within a temperature range of 1000 ºC to 1075 ºC.  
The β-spodumene is then pulped with water and the circulating mother liquor from the 
evaporation unit and subsequently pumped to the autoclave reactor. The operating temperature, 
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pressure, and reaction time are 220 ºC, 20 bar and 1 h, respectively.  For purification, the 
process bubbles CO2 into PLS to convert Li2CO3 to soluble LiHCO3 for 0.5 h after cooling the 
slurry to 30 ºC.  The slurry is then introduced to a solid-liquid separation unit with filtrate 
polished with ion exchange to remove Ca2+ and Mg2+ followed by crystallisation of Li2CO3.  
The leach residue consists mainly of analcime and quartz with some other gangue minerals. 
 
 
2.4.2.2. Alkaline leaching via hydroxide solution 
 
This technology involves leaching of β-spodumene with a hot solution of hydroxides of 
calcium or sodium.  Pressure leaching (also denoted as pressure digestion) takes place at around 
200 ºC, with LiOH present in a concentration of 1 – 4 % in the filtered PLS.  Repulping of the 
residue and filtration produces an additional solution of dilute LiOH that is typically recycled 
to the pressure-leaching step.  Nicholson (1946) investigated the pressure digestion of β-
spodumene with Ca(OH)2 in early 1940s, heating the autoclave content of β-spodumene/slaked 
lime/water = 1:1.9:5 at 200 ºC and 20 bar for 2 h to produce a solution of LiOH, with extraction 
of Li2O of 84 %.  PLS was then contacted with carbon dioxide to remove impurities, 
concentrated by evaporation and again carbonated with CO2 to precipitate Li2CO3.  The final 
lithium carbonate exhibited the purity of 97.8 % that could be further improved by re-
dissolution of Li2CO3 with CO2 to produce LiHCO3 and application of a polishing step of ion 
exchange.  
 
(Maurice et al., 1963) studied the reaction of β-spodumene and solution of NaOH at 105 ºC 
and under pressure of about 1.5 bar.  The products included an anisometric (i.e., the crystals 
that have an anisotropic structure where the properties of the material vary in different orientations) 
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sodic zeolite (Na2O·Al2O3·2SiO2·xH2O) and a lithium silicate (Li2O·2SiO2).  Aqueous 
ammonium carbonate served to extract lithium in a relatively complex process.  The alkaline 
solution of NaOH inhibited the formation of impermeable skins of the polymerised silica that 
slowed down the reaction under acidic conditions.  However, Chubb (1963) reported that, 
pressure leach with a solution of NaOH alone (i.e., without adding CaO or Ca(OH)2) generated 
a gelatinous material, probably sodium silicate, that reduced the reaction rate and made the 
filtration and washing steps difficult.  The optimum recovery of 93 % corresponded to a long 
and impractical reaction time of 48 h, as expected from the reactor temperature.  
 
The addition of Ca(OH)2 or CaO to the solution after the precipitation of Li2CO3 converted the 
lithium carbonate remaining in solution (as Li2CO3 is partially soluble) to LiOH and formed 
valuable whiting (CaCO3) as a by-product.  This diluted LiOH was recycled back to pressure 
leach (Chubb, 1963).  The calcium species enabled the ion exchange between sodium and 
lithium ions and prevented the formation of lithium silicate by consuming most of the released 
silica to form calcium-sodium aluminosilicates. 
 
Anovitz et al. (2006) attempted to apply this technology to concentrate of α-spodumene 
characterised by very fine particles (less than 50 µm), but without using CaO or Ca(OH)2 in the 
solution.  The process required 72 h under pressurised conditions, the temperature of 200 ºC 
and a large excess of NaOH (5 g of spodumene with a solution of 204 g of 50 % NaOH) to 
extract lithium from the finely ground α-spodumene sample.  Whilst literature provides no 
information regarding the efficiency of lithium recovery using this process, it is not practical 
industrially to operate a pressurised batch leaching for 48 or 72 h.  Evidently, one needs to 
increase the reaction temperature in excess of 250 ºC or find other means to accelerate the 
process. 
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2.4.2.3. Alkaline leaching via chloride solution 
 
Rudolf et al. (1943) also experimented with leaching of β-spodumene with solutions of NaCl.  
The process required additives to maintain an alkaline pH.  The extraction of lithium by 
leaching β-spodumene, in the absence of alkaline species added to the prior roasting step, did 
not exceed 58 % (Victor, 1957).  Most conveniently, this technology involves the addition of 
Ca(OH)2 to the leach solution (Gabra et al., 1975).  Gabra and his group optimised several 
parameters, including the concentration of NaCl and Ca(OH)2, the reaction temperature and 
time, and particle size to gain satisfactory recovery of lithium.  They succeeded in reaching the 
extraction of lithium of 98 % by operating the reactor at 250 ºC for 3.5 h, NaCl/β-spodumene 
mass ratio of 0.87:1, Ca(OH)/β-spodumene mass ratio of 0.0025:1 and S/L fraction of 1:1.8 
(w/v).  Once the duration of the extraction process exceeded 3 h, the size of particles (within 
the range of 42 – 500 µm) appeared to have no effect on lithium extraction.  However, for short 
leaching time of 1 h and particle size of more than 75 µm, the lithium extraction decreased with 
increasing particle size. 
 
Gabra et al. (1975) also tested the effect of adding different alkali and alkali-earth hydroxides 
to the leaching solution, such as Ca(OH)2, NaOH, KOH, LiOH and NH4OH on the lithium 
extraction in order to avoid the precipitation of silica.  Among these reagents, Ca(OH)2 showed 
the most beneficial effect.  Although the chloride leaching process requires a relatively 
inexpensive reactant (NaCl), it does not avoid the energy intensity of the calcination step and 
generates sodium aluminosilicates that might be difficult to reuse.  These materials will need 
to find acceptance of the cement industry, as they appear to be unsuitable as fillers or soil 
improvers due to their sodium content. 
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2.4.2.4. Alkaline leaching with solution of sulfate  
 
The principle of this process is related to the ability of alkali and alkali-earth metal sulfates 
(mainly Na2SO4) to extract lithium from β-spodumene in the aqueous solution.  The reaction 
proceeds via an ion-exchange mechanism.  In this process, Na+ ions from sulfates substitute 
Li+ ions in β-spodumene, with Li+ diffusing through the interstitial spaces into the aqueous 
phase.  This reaction promotes the formation of silicic acid that, at low pH, precipitates silica 
on surfaces of mineral grains, reducing the rate of lithium extraction.  Similar to the techniques 
described previously, one must add small amounts of CaO, Ca(OH)2 and Na2CO3 to maintain 
alkaline pH, to prevent the formation the silica skin that halts the reaction progress. 
 
As early as 1943, Rudolf et al., from their experience with solutions of NaCl mentioned in the 
previous section, suggested using solutions of sodium sulfate to extract lithium, by ion 
exchange of Li+ from β-spodumene for Na+ from the solution of Na2SO4.  The authors 
performed their experiments under pressurised conditions and within a temperature range of 
100 – 300 ºC.  They reported the polymerisation of silica, produced from the decomposition of 
silicic acid H4SiO4, to form layers that covered the surfaces of particles of β-spodumene, 
hindering the diffusion of lithium ions to the solution and sodium ion into the interstitial spaces 
of unreacted β-spodumene.  To resolve this problem, CaO was added to raise the pH and 
prevent the precipitation of silica.  While a small amount of CaO of around 1 % of the loading 
of β-spodumene resulted in good extraction of lithium from β-spodumene, it required the 
removal of Ca2+ in downstream purification steps. 
 
Kuang et al. (2018 have recently optimised the leaching of β-spodumene with sodium sulfate 
in experiments involving an autoclave reactor for different parameters including temperature, 
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reaction time, particle size and liquid to solid ratios, using CaO and NaOH as additives to raise 
the pH value of the aqueous solution in the reactor.  Optimally, the process operates at 230 ºC 
for 3 h with grain sizes of β-spodumene between 20 and 60 µm.  The quantity of 2 % CaO of 
β-spodumene sufficed to achieve the lithium recovery of 93 %, with the optimal solid ratio of 
spodumene/Na2SO4/CaO equal to 20:9:0.4 and the proportion of solid to liquid of 1:7.5.  
Changing the amount of Na2SO4, time of reaction and the solid to liquid ratio showed no 
significant effect on lithium recovery.  However, factors such as the concentration of CaO and 
NaOH, temperature and grain size influenced the recovery, as shown in Fig. 2.11.  The residual 
materials contained analcime (NaAlSi2O6·H2O), quartz and unreacted β-spodumene.  
  
As seen in Fig. 2.11b, the addition of alkaline reagents underpins the feasibility of the leaching 
process.  In particular, calcium oxides improves lithium extraction in comparison to NaOH, 
especially for NaOH/spodumene proportion in excess of 0.4:20.  This might have occurred 
because of the formation of gelatinous material (Chubb, 1963) that slowed down the rate of 
extraction of lithium at an elevated concentration of NaOH (Maurice et al., 1963).  Figure 2.11d 










Figure 2.11.  Effect of different parameters on the recovery of lithium from β-spodumene by 
solutions of Na2SO4.  Effects of: (a) Na2SO4/spodumene mass ratio; (b) CaO or 
NaOH/spodumene mass ratio; (c) temperature; (d) time; (e) liquid/solid ratio; and, (f) grain 
size (d90).  Data from Kuang et al. (2018).  
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Except for direct leaching with a solution of Na2CO3, alkaline pressure leaching technologies 
require the addition of CaO, Ca(OH)2 or NaOH to increase the pH of the solution and avoid 
the polymerisation of the silica that forms from silicic acid.  The addition of calcium maximises 
the recovery but requires the removal of this divalent metal downstream in the purification 
steps, whereas an excess of sodium diminishes the lithium extraction itself.  These factors 
compel careful process optimisation.  Furthermore, satisfactory extraction of lithium 
necessitates elevated temperature of T ≥ 200 ºC, commensurate pressure to contain the water 
vapour and finely ground particles.  These requirements and the thermal energy for converting 
α-spodumene to its reactive β-phase point to significant complexity and the environmental 
footprint of this process.  This realisation prompts us to develop technologies that produce 
soluble lithium compounds from spodumene prior to the leaching step. 
   
 
2.4.3. Processing of spodumene by roasting with additives 
 
2.4.3.1. Lime and limestone roasting process 
 
Roasting of α-spodumene with lime or limestone represents an alternative method to digestion 
of decrepitated spodumene with concentrated sulfuric acid.  Lime acted as a fluxing material 
that reduced the temperature for the transition from α- to β-spodumene.  Victor (1957) applied 
lime as an additive to roast α-spodumene at a temperature higher than 1000 ºC (Victor, 1957), 
with the ratio of lime to α-spodumene of 0.025:1to 1:1  A solution of sodium chloride then 
leached the calcined material in an autoclave reactor under 30 bar pressure and temperature of 
235 ºC.  Victor (1957) obtained the maximum lithium recovery of nearly 100 % from the feed 
material prepared by roasting α-spodumene with 5 wt. % CaO at 1200 ºC.  In this method, fresh 
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water did not leach lithium from the calcine, even under high pressure.  Similarly, the water 
leaching of the calcined product of zinnwaldite with limestone (with calcination performed at 
1000 ºC) extracted less than 9 % of the total lithium content (Siame and Pascoe, 2011). 
 
White and McVay (1985) studied the roasting of α-spodumene and limestone in the 
temperature range of 900 – 1300 ºC for 2 h, with the proportion of limestone to α-spodumene 
from 1:1 to 4:1.  The authors identified the mineralogical content of the calcine and residue 
materials.  Their results indicated the presence of unreacted β-spodumene, calcium silicate 
CaSiO3, calcium hydroxide Ca(OH)2, and gehlenite Ca2Al2SiO7.  With calcium additives, they 
detected the appearance of β-spodumene after heating α-spodumene at 900 ºC for 2 h.  Without 
additives, the conversion commenced only after 3 h of heating at this temperature.  That 
observation implies the effective role of lime in inducing an earlier phase transition of 
spodumene. 
 
Although this process avoided adjusting the pH value of the leaching solution, the roasting 
temperature of α-spodumene was relatively high.  The high-temperature roasting with calcium 
additives requires, in tandem, a high-pressure leaching process.  While the amount of calcium 
additive is small and has a negligible effect on kiln throughput, this configuration makes the 
overall treatment complex and energy intensive. 
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2.4.3.2. Roasting processes involving sulfate melts 
  
Sulfate roasting process is one of the most effective methods that are used to convert the lithium 
content in minerals to soluble lithium compounds during the roasting process.  These 
compounds are normally soluble in fresh water under atmospheric conditions.  The method 
relies on the ion exchange between the alkali sulfates and lithium minerals above 800 ºC.  As 
a result, the alkali ions from sulfates exchange the lithium ions from lithium minerals.  In 
particular, the roasting of α-spodumene with K2SO4 had been the technology of choice prior to 
the development of the sulphuric acid digestion process (Conway, 1929; Plyushchev, 1959; 
Urazov et al., 1957; Wadman, 1907), first introduced around 1880 (Plyushchev, 1959).  
Conway quotes temperatures of roasting of 880 – 920 ºC for lepidolite.  According to 
Plushchev, the criticality appears to be with the melting point of sulfate that must be above 
1000 ºC.  Plushchev claims that roasting of spodumene with Na2SO4 (melting point of 884 ºC), 
in a mass ratio of spodumene/Na2SO4 =1:1-1.1, results in low extraction of lithium.  However, 
others reported elevated extraction of lithium by using a relatively higher amount of Na2SO4 
(Arne and Johan, 1941) 
 
For example, the roasting of α-spodumene with a large excess of Na2SO4 melt (at 1000 ºC) 
extracted about 90 % of the total lithium content (Arne and Johan, 1941).  Similarly, the 
roasting of lepidolite concentrate with Na2SO4 at a temperature of 1000 ºC demonstrated 
significant extraction of lithium of more than 90 %  (Luong et al., 2013).  Clearly, this reaction 
deserves further consideration with modern analytical technique.  The decrease in roasting 
temperature to 850 ºC resulted in a significant reduction in the lithium recovery in lepidolite to 
less than 60 % (Fig. 2.12a).  However, below the melting point of Na2SO4, i.e., T < 884 ºC, no 
considerable recovery of lithium was obtained with spodumene even after long heating times 
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(Arne and Johan, 1941).  Roasting of lepidolite with Na2SO4 at 1000 ºC prompts the destruction 
of the lepidolite structure as shown in Fig. 2.12b.  However, melting of sulfates in an industrial 
furnace damages its burner and makes the furnace non-operational if its charge solidifies. 
 
 
Figure 2.12. (a) Effect of roasting temperature on extraction of lithium from lepidolite after 
roasting with Na2SO4, (b) XRD patterns of the lepidolite concentrate and the calcine material 
resulted from the roasting of lepidolite with Na2SO4 at 1000 ºC.  After Luong et al. (2013) with 
modification.  The extraction efficiency was determined after water leaching under 
atmospheric conditions. 
 
The addition of CaO to the mixture of powdered lepidolite and Na2SO4 overcame the problem 
of the operating temperature exceeding 900 ºC (Yan et al., 2012).  High lithium extraction of 
about 86 % was obtained at a roasting temperature of 850 ºC by adding CaO to the roasting 
mixture at the mass ratio of CaO/lepidolite of 0.1:1.  Thus, CaO plays not only the role of 
capturing the fluoride ion in the calcination of lepidolite to form calcium difluoride CaF2, as 
suggested in recent literature (Luong et al., 2014; Yan et al., 2012) but also brings the onset of 
the reaction to lower temperatures.  The flux of calcium also improves the extraction of lithium 
(a) (b)
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from zinnwaldite.  Figure 2.13 illustrates the extraction of lithium by roasting zinnwaldite with 
gypsum with and without adding Ca(OH)2. 
 
 
 Figure 2.13. Effect of the roasting temperature on the extraction of lithium from zinnwaldite 
after heating with gypsum, (a) with adding Ca(OH)2 (Jandová et al., 2009), (b) without adding 
Ca (OH)2 (Siame and Pascoe, 2011) for the same heating time of 1 h.  The mass ratio of 
mineral/CaSO4/Ca(OH)2 corresponded to 1:0.7:0.3 and that of mineral/gypsum to 1:0.5, 
respectively.  The extraction process of lithium involved water leach under atmospheric 
conditions. 
 
The addition of Ca(OH)2 to the mixture of zinnwaldite and CaSO4 in a mass ratio of 
Ca(OH)2/CaSO4/zinnwaldite of 0.3:0.7:1 resulted in 96 % lithium recovery at a temperature of 
950 ºC (Fig. 2.13a).  However, the roasting of zinnwaldite with gypsum CaSO4·2H2O at 1050 
ºC only yielded the recovery of lithium of 84 % (Fig. 2.13b).  The roasting of lepidolite and 
zinnwaldite with CaSO4 or Na2SO4 needs the addition of calcium flux to improve the extraction 
of lithium.  The application of Na2SO4 required lower temperature (850 ºC) and a smaller 
amount of CaO (i.e., the mass ratio of CaO/lepidolite of 0.1:1).  This observation suggests the 
potential use of Na2SO4 with and without CaO for processing of α-spodumene.  
(b)(a)
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2.4.3.3. Lime-gypsum roasting process 
 
The Bureau of Mines in the USA studied the roasting of α-spodumene with gypsum in the 
presence of lime (Hayes et al., 1950; Sternberg et al., 1946) at a temperature of 1100 – 1150 
ºC for 2 – 3 h with a mass ratio of spodumene/limestone/gypsum of 4:4:2, based on the 
following reaction. 
 
2α-LiAlSi2O6 + 6CaCO3 + 2CaSO4 = Li2SO4 + 4Ca2SiO4 + Al2O3 + 3CO2 (2.3) 
 
The authors recommended using only materials that can decompose to produce lime, such as 
CaCO3 that releases CO2 to produce CaO during heating.  Calcium oxide reacts with 
spodumene, destroying its crystallographic structure.  In the experiments, the authors ground 
the spodumene concentrate with gypsum and lime, then pelletised the ground mixture with a 
solution of bentonite by tumbling the wet material in a cement mixer.  The calcined material 
required leaching with a solution of CaCl2, to produce high purity LiCl through a series of 
refinement and purification steps.  The maximum lithium recovery of 90 % necessitated a long 
heating time of 3 h.  Factors such as the long heating time at high temperature, excess additives 
(i.e., the fraction of α-spodumene in the furnace is only 40 % of the solid mixture) and 
mechanical pre-treatment make this process economically unfeasible due to lower kiln 
throughputs and high energy intensity.  These are important disadvantages of the lime-gypsum 
process in comparison to applying Na2SO4 with a small amount of calcium flux in the roasting 
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2.4.3.4. Chloride/chlorine roasting processes  
 
The chloride roasting processes rely on the reaction of spodumene with alkali or alkali-earth 
metal halides such as NaCl, KCl and CaCl2 or with gaseous chlorine gas.  Although the reaction 
is much faster with β-spodumene and requires milder conditions, it can also proceed with α-
spodumene.  It normally requires excess amounts of NaCl, KCl and CaCl2, and temperature in 
excess of 1000 ºC for α-spodumene, and 800 °C for β-spodumene.  Likewise, the reaction with 
chlorine gas can advance with both α- and β-spodumene, but at significantly slower rates for 
α-spodumene.  The recovery of lithium from β-spodumene may occur without structural 
changes and, in this situation, it corresponds to ion exchange.  
 
Peterson and Gloss (1959) studied the chlorination of α-spodumene concentrate with potassium 
chloride at 1000 – 1100 ºC (Peterson and Gloss, 1959).  In this study, the produced LiCl 
sublimed and was collected from the outlet gases.  To recover the remaining lithium from the 
solid residue, it was necessary to treat the residue with a strong acid.  In another approach, 
(Medina and El-Naggar, 1984) deployed a double chloride compound of tachyhydrite mineral 
(MgCl2-CaCl2
.12H2O) to produce the water-soluble LiCl during the calcination.  To recover 
87 % of lithium, the process was operated at 1150 ºC for 2 h and required significant excess of 
additives (spodumene/additives = 1:8) and large quantities of boiling water (1:50 solid to liquid 
ratio) over a leaching period of 4 h.  Based on XRD measurements, the authors suggested that 
the melting of CaCl2 induced the high lithium extraction. Figure 2.14 demonstrates that lithium 
recovery increased from 52 % at 973 K (700 ºC) to 90 % at 1423 K (1150 ºC), but above this 
temperature, the volatilisation of LiCl resulted in a decreased recovery. 
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Figure 2.14. Variation of lithium extraction as a function of the roasting temperature at a 
constant roasting time of 2 h and the mass ration of spodumene/(MgCl2-CaCl2·12H2O) of 1:8. 
Data extracted from Medina and El-Naggar (1984). 
 
Obtaining high lithium extraction by this process requires high temperature and high amount 
of additives.  The spodumene fraction in the roasting mixture only corresponded to 11 % 
severely limiting the throughput of Li through the kiln, making the entire process economically 
infeasible due to its high capex and opex (energy consumption).  Furthermore, at high 
temperature, LiCl sublimes and need to be condensed from exhaust gases as done by Barbosa 
et al. (2014), who roasted β-spodumene with excess Cl2 gas at 1100 ºC (Barbosa et al., 2014).  
Collecting the sublimed LiCl, high energy requirements of the thermal treatment, and the 
requirement for controlled cooling of the flue gases to collect LiCl from the gas phase are 
factors that make this process impractical on an industrial scale, at present.   
 
To resolve the high amount of additives and the loss of lithium, Barbosa et al. (2015) 
investigated roasting of β-spodumene with CaCl2 in a fixed-bed reactor.  Roasting for 2 h at 
900 ºC of a solid mixture, characterised by a mole ratio of 2:1 of β-spodumene/CaCl2, resulted 
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in high lithium extraction of 90 %.  Here LiCl was collected as a volatile material from the 
outlet gases.  Although the roasting process operated at a relatively low temperature of 900 ºC, 
CaCl2, with its melting points of 772 ºC, would challenge the present kill design by possibly 
sintering the spodumene grains and/or damaging the kiln burner.  Together with the energy 
necessary for the two-stage heating (i.e., calcination of spodumene for phase transformation 




2.5. Potential Advances  
  
To meet the increased demand for lithium chemicals, advances need be made to develop new 
technologies to refine lithium resources (brines and spodumene pegmatite) into lithium 
chemicals (especially, LiOH·H2O and Li2CO3) that are characterised by energy efficiency and 
recycling of its by-products.  Because of the slow processing of brines, spodumene (α-
LiAlSi2O6), the most abundant lithium-containing mineral, remains the only resource that can 
respond rapidly to fluctuations in lithium demand.  At present, the conversion of spodumene 
to lithium chemicals involves high-temperature calcination and digestion of calcined material 
with strong sulfuric acid, necessitating high energy consumption, excessive processing cost, 
and formation of by-products, such as large quantities of acidic aluminosilicates (around 7 t for 
each tonne of LiOH·H2O or Li2CO3) and sodium sulfate. 
 
With regards to the structural transformation of spodumene from its naturally occurring α-
spodumene into the relatively more reactive β-form, mineralogical studies reported inconsistent 
pathways for the transition reaction involving the formation of γ-spodumene and other 
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intermediate phases.  One must gain insights into these reaction paths, identify the factors that 
affect the transition processes and determine the best pathway to convert α-spodumene at lower 
temperatures.  In addition, precise calorimetric and thermodynamic measurements are 
necessary to parametrise the calcination process, in order to assess its energy footprint. 
 
The previous isothermal kinetic studies reported different activation energy at elevated 
temperatures T > 930 ºC, with significant discrepancies in the interpretation of the conversion 
rate and the mechanism.  Prediction of the optimal heating time and temperature require kinetic 
knowledge of the conversion process, at least at the operational level, such as that yielded by 
the isoconversional analysis (Oluwoye et al., 2017; Vyazovkin, 2006; Vyazovkin, 2016; 
Vyazovkin et al., 2011).   
         
Research involving processing and extraction of lithium from reactive spodumene phase(s) 
requires new technological advancements.  The currently applied hot digestion method results 
in water-soluble compounds of lithium, i.e., Li2SO4.  In this process, highly concentrated 
sulfuric acid (i.e., more than 90 %) affords the ion exchange between lithium in β-spodumene 
and protons from the sulphuric acid; typically, at 250 - 300 ºC and ½ - 1 h.  While robust in 
itself, this method is fraught with high processing (especially energy) and feedstock costs, 
requires a scrubber and generates by-products that are difficult to use or recycle.  In addition 
to concentrated H2SO4, feedstocks comprise neutralisation and precipitation reagents, such as 
high-purity Ca(OH)2, Na2CO3 and NaOH. 
 
Roasting of spodumene with different additives and the alkaline leaching processes have been 
introduced as alternative technologies.  Both were recommended in earlier reviews (Choubey 
et al., 2016).  The alkaline leaching processes entail high pressure (20 – 40 bar) and elevated 
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temperature (200 – 250 ºC).  Among many salts and hydroxides of alkali and alkali-earth 
metals, the soda ash (Na2CO3) process appears as the most promising for converting β-
spodumene to lithium chemicals.  Unfortunately, it suffers drawbacks of producing analcime 
(NaAlSi2O6·H2O) that may be unacceptable for disposal on soils.  This process can directly 
produce Li2CO3, while it avoids the use of concentrated H2SO4 and formation of Na2SO4 by-
product.  It does not resolve the requirement of calcination of α- to β-spodumene. 
 
Roasting of spodumene with additives involves several impediments, including high roasting 
temperature (1100 – 1150 ºC) for a long time (2 – 3 h), melting of additives (i.e., furnace setting 
problems), and reduced kill throughput (i.e., small amount of spodumene per one batch of 
roasting due to the required excess of additives).  Roasting of α-spodumene with small amounts 
of calcium species (CaO, CaCO3 and Ca(OH)2) results in higher lithium extraction in the 
alkaline pressure leaching process but it introduces a divalent-metal impurity.   
 
Literature reports roasting of spodumene with additives at high temperatures, i.e., around 1100 
ºC, where the solid mixtures undergo sintering reactions.  However, these materials may attack 
α-spodumene structure at lower temperatures, and act as fluxes.  Furthermore, sulfates (mainly 
Na2SO4) lower the roasting temperature from 1000 to 850 ºC (i.e., below the melting point of 
Na2SO4 of 884 ºC) and afford the removal of lithium by leaching calcines with fresh water 
under atmospheric pressure and relatively low temperatures of 50 – 90 ºC.  Therefore, the 
roasting of spodumene, with Na2SO4 and a calcium flux (such as CaO) in a temperature range 
of 800 – 900 ºC, offers a high chance of success.  Thus, this thesis will study the roasting 
process of spodumene with CaO or Ca(OH)2, with and without Na2SO4, at the temperature 
range of 800 – 900 ºC.  
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also been described.  The applied in-situ XRD techniques 
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3.1.   Abstract 
 
This contribution provides a detailed in-situ account of transformation reactions during 
calcination of a typical high-grade α-spodumene (α-LiAlSi2O6) concentrate, a pre-treatment 
step required to refine spodumene into commercial lithium chemicals.  We observe four 
reaction pathways during the transition of spodumene, employing in-situ high-temperature 
powder XRD measurements using both cathode-tube and synchrotron radiation.  At a relatively 
slow heating rate of 8 ºC min-1, we observe a close relationship between the development of γ-
spodumene, with an onset temperature of 842 ºC, and reduction of the amorphous background, 
in the collected XRD spectra.  This demonstrates that, initially γ-spodumene recrystallises from 
amorphous spodumene.  At the fast initial heating rate of 100 ºC min-1, γ-spodumene first 
appears at a higher temperature of 1025 ºC.  This mineral subsequently transforms into β-
spodumene at high temperatures along the reaction pathways denoted as pathway (1) 
amorphous spodumene → γ-spodumene → β-spodumene and (3) crystalline α-spodumene → 
γ-spodumene → β-spodumene.  The stability of γ-spodumene strongly depends on the 
mechanical treatment of the sample, and the heating rate of the calcination process, suggesting 
high and low activation energies for pathways (3) and (1), respectively.  In another experiment, 
we observe rising peaks of β-quartz, a minor gangue mineral in the spodumene concentrate, 
that reflect the substitution of Li+ and Al3+ for Si4+ above 875 ºC.  This phase ultimately 
transforms to β-spodumene at 975 ºC.  The same experiment demonstrates the spectrum of β-
spodumene continuously increasing in magnitude, above 975 ºC, with decreasing abundance 
of α-spodumene, indicating a direct conversion of α- to β-spodumene.  Thus, the two other 
reaction corridors comprise: (2) crystalline α-spodumene → β-quartzss → β-spodumene; (4) 
crystalline α-spodumene → β-spodumene.  Heating of a finely ground sample results in faster 
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and more-complete conversion of α-spodumene compared to a coarser specimen.  Our 
experiments establish the characteristic temperatures of phase transformations during 
spodumene calcination and reveal the influence of amorphous material and thermal history on 
reaction sequences.  Approaches that integrate the optimisation of grinding and heating thus 
bear the potential to reduce the energy requirements of the calcination process, including the 
extraction of lithium from γ-spodumene formed at a lower temperature.    
 
 
3.2 .   Introduction 
 
Natural spodumene occurs as α-phase, the low-temperature, monoclinic polymorph of 
LiAlSi2O6 that resists dissolution by most chemical agents (Rosales et al., 2014).  In lithium 
refineries, the thermal treatment of α-spodumene at temperatures above 1050 ºC (typically 
around 1080 ºC) transforms it into the more reactive β-phase that affords ion exchange of H+ 
for Li+ during the subsequent digestion of β-spodumene with concentrated sulfuric acid at about 
250 ºC (Botto, 1985; Clark et al., 1969; Rosales et al., 2014; Tian et al., 2011).  Keatite, the 
tetragonal form of SiO2, and its isostructural form of β-spodumene represent part of the keatite 
solid solution series, with keatitess sometimes referred to as β-spodumeness (Keat, 1954; Ray, 
1973; Skinner and Evans, 1960).  At high-temperature, spodumene also appears as the 
hexagonal γ-phase that composes part of the high-quartz solid solution in the Li2O-Al2O3-SiO2 
(LAS) system, with the γ-spodumene sometimes referred to as the stuffed derivative of β-quartz 
(Buerger, 1954; Li, 1968; Xu et al., 2000).  The polymorph of γ-spodumene also arises under 
high pressure (e.g., 1.5 GPa), typical of geological conditions in Earth’s mantle (Munoz, 1969). 
 
Studies on the transformation of spodumene concentrate show inconsistent results of phase 
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change during the reaction process.  Prior to 2015, the direct transformation of α- to β-
spodumene represented the most commonly considered reaction operating in the conversion of 
spodumene concentrates at high temperature (Gasalla and Pereira, 1990; White and McVay, 
1958).  Recently, Peltosaari et al. (2015) reported the formation of γ-spodumene as an 
intermediate phase, i.e., α → γ → β-spodumene, both for microwave (fast heating) and 
conventional heating processes.  Salakjani et al. (2016, 2017), in similar studies that adopted 
conventional and microwave heating approaches, suggested a reaction sequence of α → β + γ-
spodumene.  More recently, Moore et al. (2018) introduced two parallel corridors of α → β + 
γ-spodumene and γ → β-spodumene to proceed at a constant rate ratio independent of 
temperature.  Several investigators demonstrated the formation of γ-spodumene during 
calcination of finely ground, partly amorphised α-spodumene (Berger et al., 1990; Gasalla et 
al., 1987; Gasalla and Pereira, 1990; Kotsupalo et al., 2010).  The differing observations of the 
phase transformations of spodumene polymorphs at high temperature arise as a likely 
consequence of variable grain sizes, concentration of impurities and amorphous material 
formed in grinding as well as different heating techniques (Moore et al., 2018; Peltosaari et al., 
2015; Salakjani et al., 2016). 
 
The three polymorphs of spodumene relate to each other by reconstructive transformations (Li 
and Peacor, 1968).  The shift in the position of the Al3+ ion, from sixfold coordination in α-
spodumene (octahedral site) to the fourfold coordination in γ- and β-spodumene (tetrahedral 
site) constitutes the main aspect of these transformations (Li, 1968; Li and Peacor, 1968; 
Sharma and Simons, 1981a).  The transition of Al3+ to the tetrahedral coordination accompanies 
the formation of large interstitial space in β- and γ-spodumene that significantly increases the 
mobility of Li+ (Welsch et al., 2012, 2015), due to the appearance of zeolite-like channels in 
the high-temperature polymorphs of spodumene (Li and Peacor, 1968; Skinner and Evans, 
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1960; Welsch et al., 2015).  These channels facilitate the counter diffusion of Li+ and H+, or 
Li+ and Na+, during the typical acid-digestion or alkaline-leaching processes (Ellestad and 
Milne, 1950; Kuang et al., 2018; Li and Peacor, 1968; Maurice, 1963; Müller et al., 1988; 
Skinner and Evans, 1960; Welsch et al., 2015).   
 
In this study, we apply in-situ X-ray diffraction to gain further insight into the evolution of 
spodumene phases at high temperature.  We aim to resolve some of the inconsistencies in 
previous literature and to contribute to the reduction of energy requirements and cost of 
spodumene calcination.  We present in-situ laboratory and synchrotron XRD measurements of 
the phase transformations that occur during calcination of a typical high-grade spodumene 
concentrate.  Based on detailed observations, we assess the influence of grain size, amorphous 
content and thermal history on the phase-alteration pathways and especially on the formation 
of γ-spodumene.  
 
 
3.3.    Materials and Methods 
 
Talison Lithium Pty Ltd, Western Australia kindly supplied about 1 kg of a technical grade of 
spodumene concentrate (7.6 % Li2O) for this study.  We split the concentrate into 8 
representative aliquots for further analysis, each about 120 – 125 g in weight, then ground one 
of them to d80 of 120 µm, as determined by Macrotrack3500 laser sizer in aqueous media (Fig. 
S3.1 in Supporting Material) and the other to d80 of 20 µm (see below).  These two aliquots 
provided samples for all in-situ and ex-situ X-ray diffraction studies.  The term in-situ analysis 
denotes simultaneous heating and acquisition of XRD spectra, whereas ex-situ experiments 
signify treating concentrate samples in a muffle furnace then cooling them down prior to 
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collecting the spectra.  To test the effect of particle size on the phase changes, the second aliquot 
was ground in an agate ring mill to pass through 38 µm sieve size, with the particle size 
distribution characterised by d80 of 20 µm.  We ensured that, the entire material passed the 38 




3.3.1. Chemical analysis 
 
Table 3.1 provides the chemical composition of the concentrate of α-LiAlSi2O6, as analysed by 
Talison Lithium at its mine-site laboratory at Greenbushes WA, using atomic absorption 
spectrometry (AAS) for determination of Li-concentration and X-ray fluorescence (XRF) for 
the remaining elements.  The AAS analysis involved sodium peroxide as an alkaline flux, with 
the fused mass digested with water and hydrochloric acid, prior to the determination of lithium 
(stated as Li2O).  The XRF analysis comprised the preparation of a glass disc by fusing the 
spodumene concentrate with lithium metaborate.  Total concentration of iron is expressed as 
Fe2O3. 
 
Table 3.1. The chemical compositions of spodumene concentrate. 
Comp. As2O3 Fe2O3 MnO Ti2O CaO K2O Al2O3 SiO2 P2O5 Na2O MgO Li2O 
Wt.% 0.01 0.1 0.04 <0.005 0.03 0.1 27 65 0.1 0.2 0.04 7.6 
 
The stoichiometric structural formula of spodumene requires a theoretical oxide composition 
of 8.02 wt.% Li2O, 27.4 wt.% Al2O3 and 64.4 wt.% SiO2 or a standard oxide mole ratio of 
1:1:4, whereas the molar ratio of these oxides in our sample corresponds to the proportion of 
1: 1.05: 4.3.  The content of Li2O of 7.6 % in the concentrate dictates the modal composition 
of α-LiAlSi2O6 of approximately 95 % (assuming no impurities incorporated in the structure) 
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and excess of 3.7 % SiO2 and 1 % Al2O3, with that excess of both oxides incorporated in other 
minor minerals rather than in spodumene.  While the XRD analysis confirmed the presence of 
quartz in the concentrate (Fig. 3.1), albite (NaAlSi3O8), microcline (KAlSi3O8) and apatite 
(Ca10(PO4)6(OH)2), found in association with spodumene in the Greenbushes deposit, host a 
small excess of Al2O3 and minor amounts of CaO, Na2O, K2O and P2O5 (Ingham, 2012; 
Kotsupalo et al., 2010; Partington et al., 1995).  Furthermore, the spodumene lattice itself 
accommodates Fe2O3 and MnO, as evident from common spodumene varieties of hiddenite 
and kunzite, respectively. 
 
 
3.3.2. Ambient XRD analysis 
 
A PANalytical X'Pert PRO XRD at the Australian Nuclear Science and Technology 
Organisation (ANSTO) and a GBC Enhanced Multi-Material Analyser at Murdoch University 
served to collect the XRD spectra under ambient temperature.  The ANSTO instrument 
operated between 5 and 80º 2𝜃 with Cu Kα radiation in θ-2θ coupled mode with a step size of 
0.03, a scan speed of 1.5 s per step, and generator power of 45 kV and 40 mA.  The Murdoch 
apparatus also functioned with Cu Kα radiation in a 2θ range of 10 – 60º, but with a step size 
of 0.02º and collection time of 1 s per step at 35 kV and 28 mA.  For the ex-situ analysis, we 
placed the concentrate specimens of particle sizes characterised by d80 = 20 µm in a muffle 
furnace pre-heated to 950 ºC, 1050 ºC and 1100 ºC, based on a program of heating as specified 
later in the article, then removed the samples to cool them down in air before acquiring the 
XRD spectra. 
 
One can readily note in Fig. 3.1 of the diffractogram of the virgin material that, all major peaks 
correspond to α-spodumene, the monoclinic, low-temperature polymorph of spodumene, while 
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a few small peaks identify low quartz as a minor phase in the X-ray diffraction pattern.  The 
method of reference intensity ratio (RIR), described below in the section on data processing, 
confirmed the modal content of approximately 95 wt.% spodumene and 5 wt.% quartz, 
concurring (within errors) with estimates of these minerals based on the elemental composition 
reported from AAS and XRF analyses, as discussed in the previous section.  While the presence 
of minor oxides in the chemical analysis (Table 3.1) and mineralogy of the deposit suggest 
other gangue minerals, especially feldspars (albite and microcline), the X-ray spectrum 
identifies no peaks of these phases, as a consequence of the detection limits of XRD of between 
1 and 2 wt.%. 
 
 
Figure 3.1. Ambient temperature X-ray diffraction pattern of spodumene concentrate 
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3.3.3. In-situ high-temperature XRD analysis (HT-XRD) 
 
In-situ high-temperature X-ray diffraction measurements were collected at ANSTO on a 
PANalytical X'Pert PRO XRD, equipped with an Anton Paar HTK-2000 hot stage.  The 
instrument operated for Cu Kα radiation in a θ-2θ coupled mode and in continuous scan from 
either 19.5º to 24º 2θ or from 5 to 45º 2θ, for a step size of 0.05º, a scan speed of 0.9 s per step, 
and generator power of 45 kV and 40 mA; the parameters optimised for sensitivity and fast 
data acquisition.  The (101) peak of quartz, present as a gangue mineral in the concentrate, 
permitted adjusting the height of the heating strip prior to each experiment, to ensure the correct 
peak positions. 
 
Table 3.2 summarises the parameters of the heating programs associated with the three in-situ 
experiments.  For each experiment, about 20 – 40 mg of powdered technical grade spodumene 
concentrate was directly placed on the platinum heating strip, in air, and suspended in a few 
drops of ethanol to produce a thin and even layer of the sample.  For such small sample sizes, 
we consider the sample temperature to correspond to that of the heating strip, with the 
uncertainty in the strip temperature to be in the order of ± 10 ºC for first and second HT-XRD 
runs and ± 25 ºC for the third experiment. 
 
The first heating program, denoted as HT-XRD1 in Table 3.2 and in the remainder of the 
article, consisted of increasing the sample temperature from ambient to 1005 ºC at a rate of 10 
ºC min-1, alternating with constant-temperature intervals of 1 min 20 s in duration for data 
collection, at every 10 ºC.  This resulted in an average heating rate of 4.3 ºC min-1.   
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Table 3.2. Parameters for the in-situ high-temperature XRD experiments performed at ANSTO 
(HT-XRD) and the Australian Synchrotron (SHT-XRD).  See text for further explanation of 












Time required for 




two sets of data 
acquisition (ºC) 
HT-XRD1 25 – 1005  -- 10 1 min 20 s 10 
HT-XRD2 25 – 950  






1 min 20 s 
 
15 
HT-XRD3 25 – 800   









SHT-XRD 25 - 1045 -- 8 1 minc 8 
(a) Fast pre-heating step before the commencement of data collection. 
(b) Heating rate between two consecutive sets of collected spectra; i.e., the heating ramp was turned off during 
pattern acquisition.  Experiments denoted as HT-XRD1 and SHT-XRD involved no initial fast heating rate.  
(c) In the SHT-XRD experiment, that data were collected continuously during the temperature ramp.  
 
The quartz inversion occurs at 575 ºC in this experiment, in comparison with 573 ºC for pure 
quartz; the latter obtained from supplementary experiments that involved heating at 0.13 ºC 
min-1 and spectra acquisition at every 3 ºC.  Relative to the expected inversion temperature of 
573 ºC (Heaney and Veblen, 1991), this attests to a good temperature control resulting from 
the direct connection between thermocouple and platinum strip heater, as well as the low 
overall heating rate.  This experiment served to detect the onset temperature for formation of 
γ-spodumene (at 915 °C), with no appearance of β-spodumene even at 1005 °C.  
 
The second heating program (HT-XRD2) consisted of a fast ramp up to 950 ºC at a rate of 100 
ºC min-1, followed by heating at a rate 20 ºC min-1, with periods of constant-temperature 
intervals of 1 min 20 s for pattern acquisition.  The experiment investigated the effect of a rapid 
initial heating rate, with no γ-spodumene forming below 1000 °C and with β-spodumene clearly 
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appearing at 950 °C.   
 
Finally, the third experiment (HT-XRD3) involved a heating rate of 100 ºC min-1 to 800 ºC and 
then at 5 ºC min-1 to 1200 ºC and alternating long range pattern acquisition for about 13 min, 
every 25 ºC.  The temperature ramp was stopped for each data collection.  The experiment 
demonstrated no γ-spodumene forming below 1000 °C (as did experiment HT-XRD2), β-
spodumene arising at 925 °C and quartz disappearing by 975 °C.   
 
 
3.3.4. In-situ high-temperature synchrotron XRD analysis (SHT-XRD) 
 
A heating experiment was carried out on the powder diffraction (PD) beamline of the 
Australian Synchrotron (Wallwork et al., 2007) as part of the beam-time award of PD 10844.  
A quartz glass capillary, loaded with the spodumene concentrate (d80 of 120 µm), permitted 
purging the sample with CO2 gas in a custom-made flow-through cell (Norby, 1997), 
throughout the experiment.  The NIST standard reference material, SRM660b, helped to 
calibrate the X-ray energy of 16 keV and its associate wavelength of 0.77430 Å.  In-situ 
diffraction patterns, between 3 and 82.8º 2θ, were acquired every minute by a position sensitive 
MYTHEN detector.  A Cyberstar hot-air blower continuously heated the capillary from room 
temperature to a set point of 1000 ºC at a rate of at 8 ºC min-1, with the temperature monitored 
by a thermocouple positioned below the capillary, and with no interruptions of the heating ramp 
for pattern acquisition.  In other words, the temperature of the sample increased by 8 °C during 
each period of data collection (see the bottom raw in Table 3.2).  This experiment aimed to 
accumulate the high-resolution spectra of γ-spodumene, as the HT-XRD runs allowed 
identification of only one peak (100) of γ-spodumene.  It also involved a similar heating to HT-
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XRD1, albeit without the interruptions in the heating ramp for pattern acquisition, yielding 
comparable results.  The temperature calibration chart provided by the Australian Synchrotron 
(Fig. S3.2) expedited the conversion of the set-point temperature of the hot-air blower to the 
actual temperature.  
 
 
3.3.5. Processing of XRD measurements 
 
The Match! software afforded the identification of mineral phases based on reference patterns 
from Crystallography Open Database (COD).  We determined the temperatures of phase 
formation and decomposition by visual inspection of XRD patterns in the Match! software.  
For each pattern, our procedure included a manual setting of the background and positions of 
the peaks, as well as removal of erroneous peaks, prior to fitting of the full profiles; i.e., small 
peaks that belong to the background and affect the matching process.  The reference intensity 
ratio (RIR) (Chung, 1974), implemented in the Match! software, facilitated estimation of the 
changes in relative concentrations of the phases appearing during the heating process.  Due to 
the severe overlap of the most intense peaks of β- and γ-spodumene at 2θ = 25.6º, (201) and 
(101), in that order, we used the (110), (310) and (002) peaks of α-spodumene and the (100) 
and (012) peaks of γ- and β-spodumene, respectively (see Fig. S3.2).  After removing the 
background, the integrated peak area followed from the trapezoid rule (Press, 1989), 
normalised by the maximum integrated intensity of each phase (see Fig. S3.4).  Both the RIR 
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3.4.    Results and discussion 
 
3.4.1. Phase changes during calcination 
 
3.4.1.1 Transformation of amorphous spodumene 
 
To investigate the effect of grain size reduction on spodumene crystallinity, we compared two 
samples of different sizes of 120 and 20 µm, prepared by grinding of the original concentrate 
(315 µm).  Figure 3.2 displays the XRD patterns of the virgin material of these two particle 
sizes.   
 
Figure 3.2. The effect of particle size reduction on the XRD spectra of spodumene concentrate.  
The spectra were collected at 25 °C for samples depicted by d80 of 20 and 120 µm.  For clarity, 
the figure offsets the patterns vertically by 500 counts and presents them for 2θ range from 10 
to 50º.   
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The spectrum of the 120 µm concentrate shows no amorphous background or significant 
broadening of peaks, suggesting comparatively high crystallinity.  Conversely, the 20 µm 
sample exhibits a clear loss of crystallinity, reflected in lower intensities and broadening of 
peaks of α-spodumene and, to a lesser degree, quartz peaks.   
 
Figure 3.3 illustrates the XRD spectrum of the spodumene concentrate (d80 = 20 µm) after 
conventional heating to reach 950, 1050 and 1100 ºC, then turning the furnace off and keeping 
the samples in the hot oven for 1 h before cooling them down to room temperature, prior to 
data acquisition.  The intensity of α-spodumene peaks of the 20 µm sample remains relatively 
constant after heating to 950 ºC, while γ-spodumene peaks commence to appear at this 
temperature.  At 1050 ºC, α-spodumene peaks decrease significantly, and γ-spodumene 
dominates the phase distribution with only a small amount of β-spodumene present at this 
temperature.  After heating at 1100 ºC, γ-spodumene has fully converted to β-spodumene.  The 
presence of γ-spodumene at 950 ºC, without significant reduction in the intensity of peaks of 
α-spodumene, indicates that, γ-spodumene constitutes the first crystalline phase arising from 
amorphous spodumene.  Formation of a minor fraction of β-spodumene at 1050 ºC, on the other 
hand, indicates the transformation of γ-spodumene to the more stable β-spodumene phase at a 
higher temperature.  Together with maximum peak areas for γ-spodumene, this implies that, 
the crystallisation of γ-spodumene may have reached its upper-temperature limit at 1050 ºC.  
At 1100 ºC, the sample consists of material completely converted to β-spodumene. 




Figure 3.3. Ex-situ, ambient temperature XRD patterns of concentrate after heating to 950 ºC, 
1050 ºC and 1100 °C for d80 = 20 µm samples.  For clarity, patterns are vertically offset by 
1000 cts and only the 2θ range from 10 – 50º is presented.   
 
The intensity of synchrotron radiation makes it possible to resolve the changes in the 
background of XRD patterns that correspond to the conversion of amorphous phase of the 
concentrate.  For this reason, we conducted an in-situ experiment at the powder diffraction 
beamline of the Australian Synchrotron (Fig. 3.4), to investigate further the formation of γ-
spodumene particles ground to d80 of 120 µm; see Materials and Methods and Fig. S3.1 in 
Chapter 8, Appendix II.  The background around the (111) peak of α-spodumene commences 
to decrease above 838 ºC, as illustrated by a change of colour from light to dark blue, with the 
onset of formation of γ-phase accompanying the reduction of the amorphous background.  That 
is, while the main part of the background is due to the glass capillary, the crystallisation of γ-
spodumene induces the reduction in the background.  This observation confirms that, γ-
spodumene initially forms from amorphous spodumene.  An overlay of the relevant 
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synchrotron patterns in Fig. S3.5a further illustrates the change of the background during the 
formation of γ-spodumene.  Based on the synchrotron (Fig. 3.4) and ex-situ (Fig. 3.3) 
experiments, we conclude that, γ-spodumene initially evolves from amorphous spodumene, 
produced during grinding of the concentrate, leading us to propose the following reaction 
pathway: 
Amorphous spodumene → γ-spodumene → β-spodumene (3.1) 
 
 
Figure 3.4. Two-dimensional contour plots of synchrotron XRD of spodumene concentrate 
(d80 = 120 µm) heated from 500 to 1045 ºC.  For clarity, the figure presents only the 2θ range 
from 5 to 14º.  We measured the X-ray patterns every 8 ºC and interpolated the area between 
them.  The colour scale from dark blue (low intensity) to red (high intensity) reflects the peak 
and background intensity measured in counts in the experiments.  Note the significant shift in 
the location of crystallographic peaks due to the wavelength of the synchrotron radiation (in 
comparison to magnitude of this shift, small changes in locations of the peaks occur because 
of temperature or substitution-induced expansion and contraction of unit cells). 
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3.4.1.2. Transition of crystalline α-spodumene with a fast initial heating 
  
Figure 3.5 depicts XRD patterns at selected temperatures obtained from the in-situ XRD (HT-
XRD3) measurements performed on spodumene concentrate of 120 µm particle size at an 
initial fast heating rate of 100 ºC min-1 up to 800 ºC and then to 1200 ºC.  We recorded the 
XRD spectra in the temperature window of 800 to 1200 ºC.  In this experiment, we observe 
complex behaviour of α-spodumene with increasing temperature.  The (110) α-spodumene 
peak at 14.49º 2θ gradually decreases as the temperature exceeds 975 ºC.  This decrease 
corresponds to a similar change in the (002) α-spodumene peak at 36.5º 2θ that disappears by 
975ºC.  The (310) α-spodumene peak reaches its first maximum at 900 ºC before its sharp 
decline at 925 ºC.  The (020) peak, on the other hand, progressively rises to its highest intensity 
at 975 ºC.  In contrast, the (101) quartz peak at 26.3º 2θ, increases to its maximum value at 925 
ºC and disappears by 975 ºC.  These observations prompt us to introduce two hypotheses: (1) 
initially quartz participates in the transformation of α-spodumene by reacting with α-
spodumene to form the solid solution of β-quartz (β-quartzss); (2) at high temperatures, quartz 
recrystallises with negligible effects on the concentration of other phases in the system.  In 
order to clarify this complexity, we first determine the concentration changes of both α-
spodumene and quartz, applying the semi-quantitative technique based on the reference 
intensity ratios (RIR) method (Chung, 1974), with Table 3.3 listing the results. 
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Figure 3.5 Selected high-temperature X-ray diffraction patterns of HT-XRD3 of spodumene 
concentrate (d80 = 120 µm).  For clarity, 2500 – 3500 counts offset the patterns vertically, and 
the display window is narrowed to 10 – 40º (2θ). 
 
Table 3.3. Effect of temperature on SiO2 content in the solid solution of β-quartz (LixAlxSi1-
xO2) produced from initial concentrate of 5 % quartz and 95 % α-spodumene. 








of Li/Si (n)d 
Stoichiometric 
coefficient x in 
LixAlxSi1-xO2 
800 5 0 100 --- --- 
825 5 trace ≤ 100 --- --- 
850 6 trace ≤ 100 < 0.06 --- 
875 7 2 90 ~0.10 ~0.09 
900 15 10 77 ~0.28 ~0.22 
925 20 15 74 ~0.33 ~0.25 
(a) The modal content of the solid solution of β-quartz and the accompanying conversion of α-spodumene follow 
from the calculations based on the reference intensity ratio (RIR). 
































































































































(b) The conversion of α-spodumene denotes absolute percent; it is, 15 % conversion corresponds to 80 % 
unconverted α-spodumene out of the total of 95 %. 
(c) Calculated as SiO2 wt.% in β-quartzss = (SiO2 initially in β-quartz at 800 ºC + SiO2 in α-spodumene that 
recrystallised to β-quartzss)/(total mass of β-quartz and recrystallised α-spodumene), assuming the 
stoichiometric composition of α-spodumene. 
(d) Calculated as n = x/(1-x) in LixAlxSi1-xO2. 
 
The reduction in the concentration of α-spodumene, up to 925 ºC, coincides with the growth in 
the modal abundance of the solid solution of β-quartz, suggesting the conversion of α-
spodumene into the β-quartz structure.  The latter, present initially as a contaminant in the 
spodumene concentrate, has capacity to incorporate some Li+ (Li, 1970) by propping open its 
framework (Buerger, 1954; Müller and Bach, 1995; Palmer, 1994), with the charge balance 
achieved by coupled substitution of Li+ and Al3+ for Si4+ (Buerger, 1954; Keith and Tuttle, 
1952; Xu et al., 2000).  In the present case, the large increase in concentration of β-quartz 
structure from 5 % at 800 ºC to about 20 % at 925 ºC requires conversion of the monoclinic α-
spodumene into the hexagonal β-quartz structure.  The resulting series of solid solutions, often 
referred to as the stuffed derivative of β-quartz, constitutes part of the Li2O-Al2O3-SiO2 (LAS) 
system with LixAlxSi1-xO2 (0 ≤ x < 1) (Arnault et al., 2000; Buerger, 1954; Keith and Tuttle, 
1952; Palmer, 1994) and evolves from x ~ 0 at 800 ºC to x ~ 0.25 at 925 ºC, if one assumes the 
stoichiometric composition of the initial α-spodumene (see footnote (c) to Table 3.3). 
 
The method of reference intensity ratio includes normalisation of phase concentrations, for the 
combined phase abundances to sum to 100 %.  This introduces an element of interdependence 
in the estimation of phase concentrations and neglects the presence of amorphous fraction.  
Thus, we need to consider alternative explanations for the initial changes in the concentration 
of α-spodumene and β-quartz.  For example, the increase in quartz concentration and hence the 
reduction in the abundance of α-spodumene could alternatively be interpreted as the 
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recrystallisation of quartz from amorphous material.  However, given that, 15 wt.% of 
additional quartz phase formed up to 925 ºC, the required amount of amorphous  silica, say, 
resulting from grinding, should be visible in the XRD pattern as a broad hump centred around 
22º 2θ (Ghisoli et al., 2010).  We observed no such background or change of background with 
increasing temperature in the HT-XRD3 data (see Fig. S3.5b).  This suggests that, the increase 
of the (101) quartz peak does not occur because of recrystallisation.   
 
Wahl et al. (1961) have reported that the magnitude of the peak area of β-quartz (101) quantifies 
the inversion of α- to β-quartz, and the extent of the inversion depends on the grain size.  Wahl 
et al. concluded further that, the concentration of β-quartz could be related not only to the 
inversion of α- to β-quartz but also to inversion of β-quartz to cristobalite that occurs at around 
1200 °C.  In the present study, the conversion of β-quartz to cristobalite would be delayed to a 
higher temperature by fast initial heating rates in the experiments and the potential presence of 
lithium in the quartz structure.  However, we have detected no crystobalite.  As a result, the 
change in quartz and spodumene concentrations must be interpreted as the formation of stuffed 
derivative of β-quartz from, the conversion of α-spodumene to the structure of β-quartzss, rather 
than the recrystallisation of amorphous silica or formation of cristobalite. 
  
The (012) 22.7º 2θ β-spodumene peak appears faintly visible at 925 ºC (Fig. 3.5).  Coincidently, 
this temperature also indicates to maximum magnitude of the (101) peak of the solid solution 
of β-quartz.  This peak size decreases with temperature to disappear at 975 ºC without the 
arrival of other quartz polymorphs, such as tridymite or cristobalite.  In contrast, the (012) peak 
of β-spodumene commences to increase considerably at 975 ºC.  Phase concentrations 
estimated by the reference intensity ratios also indicate the rising abundance of α-spodumene 
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prior to 975 ºC (Fig. 3.6).  We treat this observation as tentative as we did not observe the 
formation α-spodumene from the decomposition of β-quartzss in other experiments. 
 
 
Figure 3.6. Development of phase concentrations of spodumene concentrate (d80 = 120 µm) 
with temperature in laboratory HT-XRD3 experiment.  Data extracted from Fig. 3.5.  
 
The increase of β-spodumene above 950 ºC suggests a transformation of solid solution of β-
quartz to β-spodumene.  The literature has documented the temperature-driven conversion of 
stuffed quartz (i.e., solid solution of β-quartz) into the keatite structure (i.e., β-spodumene) 
(Guo et al., 2006; Li, 1968, 1970; Nordmann and Cheng, 1997; Wu et al., 2004).  This transition 
coincides with the development of phase concentrations shown in Fig. 3.6.  The stability field 
of the solid solution of β-spodumene corresponds to SiO2 concentration of between 62 – 84 
wt.% SiO2 (Skinner and Evans, 1960).  In our estimate, the SiO2 content in the solid solution 
of β-quartz corresponds to about 74 wt.% at 925 ºC (Table 3.3), which allows the solid solution 
of β-quartz to transform to β-spodumene without precipitation of quartz, as observed from Fig. 
3.6.  Consequently, Equation 3.2 expresses the reaction pathway: 
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Crystalline α-spodumene → solid solution of β-quartz → β-spodumene (3.2) 
 
with the tentative observation that the decomposition of β-quartzss may include the formation 
α-spodumene in addition to β-spodumene. 
 
The transformation of the stuffed β-quartz depends on both the lithium content and the 
temperature.  The significant concentration of lithium in the stuffed quartz requires a high 
temperature to afford the conversion of this mineral to the keatite structure and vice versa (Li, 
1970, 1973).  Figures 3.5 and 3.6 illustrate that, γ-spodumene reaches its maximum abundance 
at 1125 ºC.  Above this temperature, the (100) peak of γ-spodumene declines towards negligible 
intensity, as the temperature rises to 1200 ºC; i.e., maximum temperature for spectra acquisition 
in the present study.  The maximum amount of γ-spodumene coincides with the exhaustion of 
α-spodumene at 1125 ºC, indicating a coupling of these phases and providing additional 
evidence for the polymorphic transition of crystalline α- to γ-spodumene.  The results of the 
synchrotron experiment, SHT-XRD illustrated in Fig. 3.4, provide further evidence of phase 
transformations involving γ-spodumene.  The continuous increase of the peak intensities of γ-
spodumene, after the disappearance of the amorphous background, i.e., above 945 ºC, suggests 
that, γ-spodumene also forms directly from crystalline α-spodumene. 
 
The restriction on the maximum temperature during the SHT-XRD experiment prevented us 
from observing the complete yield of β-spodumene.  A small amount of β-spodumene forms 
after about 14 min heating at 1045 ºC.  Overall, at the conclusion of the experiment, we only 
observed the formation of about 7 wt.% of β-spodumene formed, after heating the sample at 
1045 ºC for 34 minutes (see Fig. S3.6).  Likewise, the continuous increase of the (012) peak of 
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β-spodumene after the exhaustion of α-spodumene at 1125 ºC provides further evidence for the 
conversion of γ-spodumene to β-spodumene (see Fig. 3.6).  Reaction 3.3 summarises the 
polymorphic transformation of crystalline α-spodumene to the high-temperature forms of γ- 
and β-spodumene: 
 
Crystalline α-spodumene → γ-spodumene → β-spodumene (3.3) 
 
Experiment HT-XRD3 consists of an initial step characterised by the fast heating rate of 100 
ºC min-1.  This fast heating rate delays the onset of crystallisation γ-spodumene, which we 
interpret as a kinetic limitation to crystallisation of γ-spodumene from α-spodumene.  In other 
words, only slow heating rates allow sufficient time for the kinetically-limited crystallisation 
of γ-spodumene to occur at lower temperatures, indicating a high activation barrier for this 
conversion. 
 
Between 975 and 1025 ºC, i.e., in the temperature range after the exhaustion of the solid 
solution of β-quartz and prior to the onset of formation of γ-spodumene, the measurements 
presented in Fig. 3.5 and 3.6 display monotonically increasing concentration of β-spodumene.  
This increase accompanies a simultaneous decrease of α-spodumene, indicating a direct 
transformation of α- to β-spodumene in the absence of metastable or intermediate phases.  This 
observation leads us to suggest the final reaction pathway that operates in the present system: 
 
Crystalline α-spodumene → β-spodumene (3.4) 
 
Literature describes the direct transformation of α- to β-spodumene at this range of temperature 
as a polymorphic transition of relatively pure concentrate of crystalline α-spodumene.  This 
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reaction represents the only corridor observed in isothermal experiments that were performed 
at temperatures above 1000 ºC (Gasalla et al., 1987; Gasalla and Pereira, 1990; Salakjani et al., 
2016; White and McVay, 1958).  We conclude this section by remarking that at temperatures 
above 1075 ºC, β-quartz tends to appear intermittently in the XRD spectra, possibly, as a 
consequence of complete disappearance of α-spodumene at 1125 ºC and then again due to the 
complete conversion of γ to β-spodumene at 1200 ºC (Fig. 3.6). 
 
 
3.4.2. Factors affecting the transition reaction of spodumene  
 
Our experiments demonstrate that the amorphous content and the thermal history determine 
the phase transitions occurring during calcination of spodumene concentrate.  Grinding 
pegmatitic ore to produce the concentrate liberates spodumene from the gangue minerals but 
also induces amorphicity in the mineral by destroying the crystallinity at particle surfaces 
(Gasalla et al., 1987; Vieceli et al., 2017).  Fine grinding, such as that carried out in this study 
to assess the effect of grain size on the heating process, further reduces the overall grain size 
of the concentrate leading to a loss of crystallinity and the broadening of peaks in XRD (Fig. 
3.2).  Generally, amorphous materials display increased reactivity and less resistance to reagent 
attack (Gasalla et al., 1987; McKelvy et al., 2004), showing improved recoveries during 
leaching and faster inversion to high-temperature phases.  For example, crystal quartz produces 
β-crystobalite at 1200 ºC, whereas amorphous silica yields this phase at 900 ºC (Wahl et al., 
1961).  Our synchrotron XRD experiment demonstrates that, γ-spodumene initially forms via 
the re-crystallisation of the amorphous spodumene resulting from grinding of the concentrate.  
Further grinding to a smaller grain size clearly enhances the formation of γ-spodumene during 
heating, as evidenced by the ex-situ XRD spectrum illustrated in Fig. 3.3.  This observation 
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concurs with the results of Gasalla et al. (1987), who reported the formation of γ-spodumene 
only in calcination of finely ground, mechanically activated spodumene. 
 
We further tested the influence of heating rate on the formation of γ-spodumene by applying 
both slow (HT-XRD1) and fast (HT-XRD2) temperature ramps (Table 3.2), with Figs. 3.7 and 
3.8, respectively, illustrating the measurements.   
 
 
Figure 3.7. Two-dimensional contour plot of HT-XRD1 patterns during heating of a sample 
of spodumene concentrate (d80 = 120 µm) from ambient to 1005 ºC.  We collected the spectra 
every 10 ºC, and interpolated the peak intensity, accordingly.  The colour code corresponds to 
the background marked in dark blue and high intensity peaks in red.  
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Figure 3.8. Two-dimensional contour plot of XRD spectra collected in experiment HT-XRD2, 
between 950 ºC to 1200 ºC for a sample of spodumene ground to d80 = 120 µm.  The figure 
interpolates the spectra gathered every 15 ºC.  Except for the maximum intensity, the colour 
coding is the same as that in Fig. 3.7.  Note, the difference in the maximum value of the ordinate 
axis, in comparison to Fig. 3.8. 
 
The measurements of experiment HT-XRD1 indicate the emergence of γ-spodumene at 915 ºC 
(Fig. 3.8) exceeding the figure of 842 ºC (SHT-XRD) collected for the synchrotron radiation.  
Because similarly slow temperature ramps operated in both experiments (Table 3.2), we 
suspect the difference to arise as a consequence of the lower detection limit (better signal to 
noise ratio) in SHT-XRD that affords differentiating smaller diffraction peaks from the 
background.  The HT-XRD2 experiment, on the other hand, that is characterised by a fast initial 
heating rate of 100 ºC min-1, shows a delay in the formation of γ-spodumene to 1050 ºC.  Rather, 
in Figs. 3.8 and S3.7, we observe the appearance of the (012) 22.7º 2θ peak of β-spodumene at 
950 ºC.  Together with the values of experiment HT-XRD3, these observations demonstrate 
the slow kinetics of formation of γ-spodumene, and preferential formation of β-spodumene,  
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An increase of recrystallisation temperature with heating rate occurs commonly in other 
systems, such as the annealing of low carbon steel or copper, and is attributed to kinetic effects 
during nucleation and growth (Bodyako et al., 1962; Castro Cerda et al., 2017; Kraft et al., 
1996; Zheng and Raabe, 2013).  Table 3.4 summarises the onset temperatures of phase changes 









Table 3.4. Comparison of phase changes caused by different heating rates and fine grinding of spodumene.  
       Heating at a slow rate Heating at a fast initial rate Heating the finely ground sample  (d80 = 20 µm) 
Run ID HT-XRD1 SHT-XRD HT-XRD2 HT-XRD3 Ex-situ  
Initial heating rate (ºC/min)  -- -- 100 100 -- 
Interval heating rate (ºC/min)  10 8 
 
20 5 -- 




52 from 25 – 950 ºC 
38 from 25 – 1050 ºC 
34 from 25 – 1100 ºC 













> 1005 1045 
 
< 950  925 ~1050 in the 20 µm sample  
Intermediate phases γ-spodumene  β-quartzss , γ-spodumene  γ-spodumene  
Conversion of α-spodumene  ~ 30 – 35 % at 1045 ºC   ~ 60 – 70 % at 1050 ºC ~ 75 – 85 % at 1050 ºC 
Reaction pathway Amorph2 → γ → β-spodumene 
Cryst3 α → γ →  β-spodumene 
 
Cryst α → β-quartzss → β-spodumene 
Cryst α → β-spodumene 
Amorph → γ → β-spodumene 
Cryst α → γ → β-spodumene 
Amorph → γ → β-spodumene 
Cryst α → γ → β-spodumene 
(1) The average heating rate, including interval heating rate and data acquisition time in the temperature range of 950 – 1200 ºC and 800 – 1200 ºC for HT-XRD2 and HT-
XRD3 respectively. In the ex-situ experiments, it represents the average heating rate from 25 to 950, 1050 and 1100 ºC. 
(2) Amorphous spodumene 
Crystalline α-spodumene  




  The comparison of Table 3.4 clearly demonstrates that, the conversion proceeds via different 
reaction pathways as a result of differing thermal histories.  From a fundamental perspective, 
the time dependence is a manifestation of the underlying differences in the kinetic barriers of 
the reaction corridors.  Further research is required to build an elementary mechanism 
comprising the rate parameters of all reaction pathways to test the reaction complexity and the 
variation of conversion for different heating programs.  A thermodynamic analysis is also 
necessary to compare the phase inversions of technical grade of concentrate of α-spodumene, 
as the one of the present studies (7.6 % Li2O) with that of the chemical grade (ca 6 % Li2O), to 
elucidate the effects of impurities on total energy requirements of the calcination process.   
 
The CO2 purge gas used in the SHT-XRD experiment represents another factor that could 
potentially influence the transition temperature.  In aqueous suspensions of β-spodumene, the 
dissolution CO2 acidifies the mixture by producing protons.  These protons exchange with 
lithium cations that reside in the interstitial spaces in β-spodumene (Bertau et al., 2017; Martin 
et al., 2017).  While this process has potential to improve the leaching of β-spodumene because 
of its low price and simpler purification of pregnant leach solution, for production of lithium 
carbonate, it does not operate in the SHT-XRD experiment, due to absence of aqueous phase.  
Therefore, the content of amorphous material and the thermal history of spodumene 
concentrate constitute the main factors influencing the conversion of α-spodumene, the 
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3.5. Implications for Processing of Spodumene Concentrate 
 
The presented data suggest ways to optimise the energy-intensive calcination of spodumene to 
reduce the energy penalty and cost associated with heating.  
 
1) Integrated optimisation of mechanical activation and calcination.  Our results demonstrate 
that, the conversion of finely ground concentrate (d80 = 20 µm) to β- and γ-spodumene occurs 
at lower temperature than the conversion of the d80 = 120 µm concentrate (Fig. 3.3 and 3.4).  
The re-crystallisation of finely ground, amorphous spodumene during calcination promotes the 
formation of γ-spodumene at lower temperatures (Fig. 3.3 and 3.4).  At present, the lithium 
industry does not deploy the mechanical activation of spoduemene (Chagnes and Światowska, 
2015), due to the high energy consumption of grinding, which may exceed the savings from 
calcination at a reduced temperature.  Optimisation of a trade-off between grinding and heating 
costs may result in the overall cost reduction.  Along this line of inquiry, a more detailed 
investigation is required to compare the energy demands for grinding and calcination of 
spodumene concentrate.  
 
2) Extraction of lithium from γ-spodumene.  Combined mechanical and thermal activation 
could potentially be developed into a process for lithium extraction from γ-spodumene, given 
that its reactivity in subsequent leaching mirrors that of β-spodumene.  Both β- and γ-
spodumene contain tetrahedral coordinated Al3+ resulting in a less dense crystal structure than 
α-spodumene (Li, 1968; Sharma and Simons, 1981b; Welsch et al., 2015).  Most likely, this 
would make γ-spodumene equally reactive to leaching reagents as β-spodumene (Moore et al., 
2016; Müller et al., 1988).  In our experiment involving a slow heating rate (HT-XRD1), γ-
spodumene commences to form at temperature about 100 ºC lower than β-spodumene, 
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This contribution reported the phase transitions during calcination of a technical grade 
spodumene (7.6 % Li2O) observed from in-situ experiments using hot-stage cathode-tube and 
synchrotron X-ray diffractometers.  Smaller grain sizes and sample amorphicity enhance the 
formation of γ-spodumene, as manifested by decrease in the amorphous background detected 
the high-resolution measurement using synchrotron radiation.  This means that, γ-spodumene 
initially arises through recrystallisation of amorphous material resulting from grinding of 
spodumene concentrate, along the following pathway: amorphous spodumene → γ-spodumene 
→ β-spodumene (pathway 1).  In pathway 2, the solid solution of β-quartz forms at 850 ºC.  
This phase exhibits a narrow stability field of 875 – 975 ºC and it rapidly converts to β-
spodumene at 975 ºC along the corridor of crystalline α-spodumene → β-quartzss → β-
spodumene.   
 
The α-spodumene then continually transforms to β- and to γ-spodumene with the increase of 
temperature.  The complete decomposition of α-spodumene coincides with the maximum γ-
spodumene concentration at 1125 ºC, above which γ-spodumene transforms entirely into β-
spodumene.  Fast initial heating rates (e.g., 100 ºC min-1) delay the formation of γ-spodumene 
to higher temperatures, likely resulting from kinetic effects associated with nucleation and 
growths of γ-spodumene.  The coupling between the maximum amount of γ-spodumene and 
the exhaustion of α-spodumene suggests a polymorphic transition in the sequence of crystalline 
α-spodumene → γ-spodumene → β-spodumene (pathway 3).  This pathway entails a high-
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energy barrier.  For slow heating rates of < 10 ºC min-1, pathway 3 arises at lower temperatures, 
where γ-spodumene commences to form at temperatures < 915 ºC as the first calcination 
product, subsequently transforming into β-spodumene at a higher temperature of around 1045 
ºC. 
 
Prior to the formation of γ-spodumene within the range of 1025 – 1050 ºC, experiments 
involving fast heating rates suggest the direct transition of crystalline α-spodumene → β-
spodumene (pathway 4).  Reaction pathways 2-3 account for 60 – 70 % conversion of α-
spodumene at 1050 ºC.  At the same temperature, a combination of the mechanical and thermal 
treatments remarkably increases the conversion of α-spodumene.  For example, heating a 
sample of particles of d80 = 20 µm to 1050 ºC results in 75 – 85 % conversion.  Fast initial 
heating rates lower the onset temperature of the formation of β-spodumene, indicating a direct 
influence of heating rate on the sequence of phase changes.   
 
Our experiments demonstrate that, amorphicity and thermal history of the concentrate 
influence the reaction sequence, the latter because of different activation energies involved in 
each pathway.  Further progress in the field requires measuring or calculating these activation 
energies, for detailed optimisation of the calcination process.  Integrated approaches to grinding 
and heating thus bear the potential to reduce energy requirements of the calcination, especially 
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Thermodynamics of phase inversion of spodumene: 







This chapter describes high-temperature thermal analyses of 
the transformation of spodumene.  It presents all thermal 
events that arise during the calcination process. It 
determines the characteristic temperatures of the transition 
reaction with the corresponding enthalpy changes.  It also 
presents the thermodynamic calculation of the energy 
requirements of the transition of α-spodumene to its high-
temperature polymorphs… 
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This study provides a comprehensive calorimetric analysis of the behaviour of spodumene 
concentrate during its calcination.  Spodumene concentrate constitutes the main feedstock for 
production of lithium chemicals.  A high-temperature simultaneous thermal analyser collected 
the heat-flow data, with subsequent calculations producing the heat capacity and other 
thermodynamic functions and their dependence on temperature.  These measurements also 
afforded an accurate detection of the phase transition of spodumene concentrate.  For the first 
time, we have analysed in detail the thermal transformation of spodumene concentrate, 
accurately locating the principal peak of spodumene and an accompanying peak marking the 
displacive evolution from α-quartz to β-quartz (gangue impurity), with their corresponding 
characteristic temperatures within a maximum error of ± 3 K.  The enthalpy and entropy 
changes of the transformation of the concentrate amount to 27,400 ± 200 J mol-1, 21.5 ± 0.4 J 
mol-1 K-1, respectively, with the enthalpy of transition of pure α-spodumene to be 28,800 ± 200 
J mol-1.  Standard functions of the molar heat capacity of the concentrate, before and after the 
transition, cover the temperature ranges of 298 – 1209 K and 1394 – 1450 K, respectively.  
These relationships allowed calculating the variation of the molar enthalpy, entropy and Gibbs 
energy as functions of temperature.  For the temperature segment prior to the phase transition, 
we observed an excellent agreement between our measurement and the results available in 
literature.  The measurement of heat capacity of the concentrate after the transformation event 
indicates the formation of a mixture of γ- and β–spodumene.  We have determined precisely 
the minimum energy required for the calcination of spodumene concentrate as 1,530 ± 47 kJ 
kg-1 and discussed practical implications to industrial processing.  
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4.2  Introduction 
 
Lithium-containing pegmatites have overtaken brines as feedstock for production of lithium 
chemicals, especially lithium carbonate and lithium hydroxide; the latter nowadays preferred 
in manufacturing of lithium ion batteries for electric cars, consumer electronics and energy 
storage.  The state of Western Australia presently supplies more than 50 % of the global 
demand of lithium from its seven spodumene (LiAlSi2O6) mines, with plans for further 
expansion.  Spodumene ores typically contain 12-30 % of spodumene mineral in association 
with 22-27 % quartz, 30-50 % feldspar and 3-5 % mica, with a smaller concentration of apatite, 
tourmaline and beryl, and with the sporadic presence of cassiterite, columbite, monazite, pyrite, 
pyrrhotite and rutile (Colton, 1957); all abundances are expressed in wt. % in this article.  The 
mineral itself comprises up to 8 % Li2O (Edgar, 1968; Kesler et al., 2012; Vikström et al., 
2013).  Depending on the deposit and separation techniques, processing of spodumene ores 
yields either the chemical-grade concentrates with Li2O content of around 6 % or technical-
grade concentrates with abundances of up to 7.6 % Li2O and below 0.2 % Fe2O3, as the one 
sourced for the present study. 
 
The naturally-occurring spodumene adopts the α-structure (α-LiAlSi2O6), i.e., the stable low-
temperature form (Clarke and Spink, 1969).  This phase exhibits a dense and fully ordered 
monoclinic (C2/c) configuration, resulting in high resistance towards attacks by chemical 
agents (Rosales et al., 2014).  The current modus operandi recovers lithium from spodumene 
via digestion with concentrated sulfuric acid (Chagnes and Światowska, 2015), which requires 
initial thermal treatment, i.e., transformation of α-spodumene into more reactive phases that 
are amenable to acid leaching (Ellestad and Milne, 1950; Tian et al., 2011; White and McVay, 
1958).  The heat treatment of spodumene concentrate usually occurs in a rotary kiln and results 
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in consumption of large amounts of energy (Garrett, 2004; Metsärinta, 2015; Peltosaari et al., 
2016). affecting the economics of lithium refining and its environmental footprint. 
 
Spodumene exists in two forms at high temperatures, namely, the β- and the γ-polymorphs.  
These polymorphs are less dense than α-spodumene, comprising silicon (Si) and aluminium 
(Al) atoms randomly distributed in the tetrahedral sites (Li, 1968).  However, it is likely that 
some ordering of Si and Al is present, in line with Löwenstein’s aluminium avoidance principle 
(Löewenstein, 1954; Moore et al., 2016).  The change of the Al3+ coordination from sixfold (α-
spodumene) to fourfold (both γ- and β-spodumene) modifies the silicate framework of the 
original pyroxene mineral and allows significant mobility of Li+ ions (Moore et al., 2016; 
Welsch et al., 2015).  The γ-spodumene phase adopts the hexagonal structure of high quartz 
(P6222), while the β-spodumene exhibits the keatite configuration of P43212 with Al and Si 
tetrahedrons forming five-fold rings (Li and Peacor, 1968; Moore et al., 2018).  These rings 
facilitate the formation of zeolite-like channels which enable movement of Li+ and contribute 
to the ion-exchange capability of this phase (Li and Peacor, 1968; Skinner and Evans, 1960; 
White and McVay, 1958).   
 
Figure 4.1 describes the molecular and crystallographic structural parameters of α-, β-, and γ-
spodumene in which the low temperature (unreactive) spodumene polymorph (α-spodumene) 
absorbs a particular amount of energy during the heating process to convert to its high 
temperature (reactive) phases.  The aforementioned spodumene polymorphs relate to one 
another by reconstructive transformations under different conditions (Li, 1968; Sharma and 
Simons, 1981), characterised by relatively slow kinetics and considerable energy consumption 
(Putnis, 1992).  The thermal mineralogical transformation of α-spodumene occurs above 900 
ºC (1173 K) (Deer et al., 1992).  Hence, in addition to prior beneficiation to produce the 
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concentrate of α-spodumene, the energy required to achieve the thermal transformation remains 
a significant cost factor in the lithium extraction from spodumene, in addition to expenses 
incurred by purchasing the concentrate and the reagents (mainly, concentrated H2SO4, NaOH 
and Ca(OH)2), as well as disposal of the by-products (mainly, Na2SO4 and aluminosilicates). 
 
Figure 4.1.  Formula unit and crystallographic structural parameters of spodumene 
polymorphs.  The symbol a, b, and c represent the unit cell dimensions; Z and V denote the 
number of formula units per unit cell the volume, ρ corresponds to the density, while T stands 
for Si and/or Al atoms.  The data were extracted from several references (Clarke and Spink, 
1969; Li, 1968; Li and Peacor, 1968; Welsch et al., 2012; Welsch et al., 2015), and the graphics 
were created using the VESTA software (Momma and Izumi, 2006). 
 
a = b = 5.22 Å, c = 4.46 Å
Z = 1, V = 128.79 Å3 , ρ = 2.395 g cm-3
Li–O = 2.07 Å, T–O = 1.641 Å
O–O edge = 2.60 Å, Li–Li =1.82 Å
Li–T = 2.609 Å, T–O–T = 151.6º
a = b =7.54 A, c = 9.16 Å
Z= 4, V = 520.67 Å3,  ρ = 2.365 g cm-3
Li–O = 2.10 Å, T–O = 1.647 Å
O–O  edge = 2.522 Å,  Li–Li = 2.0 Å
Li–T = 2.628 Å, T–O–T = 149.4º  
α-spodumene
Monoclinic structure - C2/c
β-spodumene
Tetragonal structure - P43212 / P41212
γ-spodumene
Hexagonal structure - P6222 
Low Temperature form High Temperature forms
Structural transformation
∆ (Heat)
a = 9.45 Å, b = 8.39 Å, c = 5.21 Å
Z = 4, V = 389.15 Å3, ρ = 3.16 g cm-3
Li–O = 2.15 Å, Si–O = 1.62 Å
Al–O = 1.92 Å, Li–Li = 4.6 Å
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In order to optimise the heating process, one requires an accurate estimation of the actual 
energy requirements.  A previous study estimated the minimum energy requirements for 
heating the α-spodumene from ambient temperature to 1100 ºC (Peltosaari et al., 2016), by 
computing the enthalpy change between pure phases of the α- (25 ºC) and β-spodumene (at 
1100 ºC).  While this approach provided an overall figure of the energy requirement, it lacked 
details of various thermal processes that occur at elevated temperatures and the initial state of 
spodumene concentrate. 
 
Detailed energy assessment should include the sensible heat and latent enthalpies due to 
formation of final and intermediate phases, especially if the latter still exist at the end of the 
heating process (Fruehan et al., 2000).  It should comprise coupled studies of differential 
scanning calorimetry (DSC) and powder X-ray diffraction.  An accurate calorimetric analysis 
determines the variation of the heat that is released or absorbed during the thermal process, and 
X-ray diffraction identifies the mineral phases and their transformation.  From these 
measurements, one obtains the variation of heat capacity as a function of temperature, as well 
as contribution of specific and latent enthalpies to calculate the minimum energy requirement 
for the heating process (Fruehan et al., 2000), and linking these changes with the underlying 
mineralogy of the concentrate to optimise the heating process. 
 
The present study introduces detailed thermal analysis and develops the thermodynamic 
functions that allow the calculation of the total energy requirements for calcining spodumene- 
concentrate.  The current investigation also identifies accurately the inversion temperature, 
factoring out the effect of the heating rate.  These quantities provide a basis for economic 
analyses, as well as for modelling of both isothermal and non-isothermal transformation of 
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We obtained a bulk specimen of a high-quality technical-grade concentrate of spodumene (7.6 
% Li2O, 0.1 % Fe2O3, d80 = 315 µm) from the Talison Lithium mine in Greenbushes, Western 
Australia, the world’s largest source of mineral-based lithium (Garrett, 2004; Kesler et al., 
2012).  All experiments involved samples sourced directly from this specimen.  Mineralogical 
characterisation by X-ray diffractometer (XRD) confirmed the presence of α-spodumene, with 
quartz as the only detected gangue mineral.  Chapter 3 provided the elemental composition of 
the specimen, in terms of oxides, based on the chemical analyses by atomic absorption 
spectrometry (AAS) and X-ray fluorescence (XRF).  The AAS analysis involved sodium 
peroxide as an alkaline flux, with the fused mass digested with water and hydrochloric acid, 
prior to the determination of lithium (stated as Li2O).  The XRF analysis comprised the 
preparation of a glass disc by fusing the spodumene concentrate with lithium metaborate.  Total 
concentration of iron is expressed as Fe2O3.   
 
As presented in Supporting Information (Table S4.2), we approximated the mineralogical 
composition of the sample by reconciling the elemental composition from Table 3.1, with the 
semi-quantitative XRD and the magnitude of the inversion peak of α- to β-quartz as measured 
from the differential scanning calorimetry (see below).  The estimated concentration of quartz 
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from the elemental composition corresponds to 2.5 ± 0.6 %, assuming that all Li reports to 
spodumene (94.7 ± 0.7 %), all Na to albite (ca 1.7 %) and all K to microcline (ca 0.6 %).  The 
estimated concentration of quartz falls below that calculated from the DSC measurements (i.e., 
3.8 ± 0.9 %, Table S4.1).  The semi-quantitative XRD yielded 5 % quartz and 95 % spodumene.  
Because we detected no albite and microcline by XRD, and DSC provided no further guidance 
on the content of these minerals in the specimen, we concluded to approximate the modal 
content of concentrate, for the purpose of the thermodynamic calculations in this article, as 4 
% quartz and 96 % α-spodumene. 
 
 
4.3.2 Experimental methods 
 
Simultaneous thermal analyses, by means of a Netzsch STA 449 F3 thermogravimetric 
analyser – differential scanning calorimeter that operated under atmospheric pressure, 
facilitated measurements of the heat flow Φ(T), applied to calculate the heat capacity of the 
studied material.  For the heat flow experiments, we used samples of 31.5 ± 2.5 mg, placed in 
a platinum-rhodium crucible (Pt:Rh = 80:20) of 6.8 mm in outside diameter and 4 mm in height 
and covered with a crucible lid with a punched perforation of 0.05 mm in diameter.  The 
temperature program involved a heating rate β of 10 K min-1, over the temperatures range of 
305 K to 1473 K under the continuous flow of argon at a rate of 20 mL min-1.  The heating rate 
of 10 K min-1 is commonly employed in experiments with differential scanning calorimetry 
(DSC) that require a temperature ramp (ASTM, 2008).  This rate minimises the thermal lag 
between the temperature of the sample and the furnace (Cassel, 2002), permitting completion 
of experiments in reasonable time.  Additional heating rates, as presented in Results and 
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Discussion, served to extrapolate the onset temperature of the inversion of spodumene, as β → 
0. 
 
Blank runs performed under identical conditions enabled the buoyancy correction of the 
gravimetric measurements and baseline adjusted for the heat flow experienced by an empty 
crucible.  Metal standards such as In, Sn, Bi, Zn, Al and Au served as the reference materials 
for the temperature calibration covering the experimental temperature range, while a single-
crystal sapphire disc of 6 mm in diameter, 0.5 mm in thickness and weighing 42 mg functioned 
as a reference standard for the heat capacity measurements.  Furthermore, the data analyses of 
heat capacity involved regressive smoothing and least-square numerical fitting, following a 
well-established standard procedure over a wide range of temperatures (Berman, 1988; Berman 
and Brown, 1985; Robie and Hemingway, 1995).  The measured enthalpy of transformation of 
α-spodumene, i.e., the integral area under the transition peak, has been obtained directly from 






×∆Hmeasured) ×100  (4.1) 
 
where, C is the modal concentration (%) of a particular compound (i.e., spodumene or quartz),  
∆Hmeasured the enthalpy change of a specific phase transition determined directly from the area 
under the transition peak, and ∆H100% the estimated enthalpy change of the transition of a pure 
compound.  Three identical runs for the heat flow measurements yielded good reproducibility 
of all reported values and provided an estimate of the overall error of enthalpy determination 
expressed as one sigma (1 σ); i.e., as one standard deviation (Chapter 8, Appendix III Table 
S4.1 and Fig. S4.1).  
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In a separate experiment, we placed samples of the same concentrate in a preheated 
conventional electric muffle furnace at 950 ± 2 ºC (1223 K) for long durations of 20, 25 and 
30 h, cooling them down prior to the XRD measurements.  These measurements established 
the progress of the inversion reaction, by means of GBC Enhanced Multi-Material Analyser, 
located at Murdoch University and operated with Cu Kα radiation in the 2θ range of 10 – 50º, 
step size of 0.01º and collection time of 1 s per step at 35 kV and 28 mA.  Match! software 
facilitated the identification and semi-quantification of different phases drawing on the 
reference spectra in Crystallography Open Database (COD). 
 
 
4.4  Results and Discussion 
 
4.4.1 Characterisation of the transition events during calcination 
 
Figure 4.2 depicts the measured normalised heat flow of concentrate of α-spodumene over a 
temperature range of 305 to 1473 K.  The thermal profile shows two main endothermic events 
within this temperature range.  Table 4.1 lists the characteristic temperatures of these peaks 
and the corresponding transition enthalpies.  
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Figure 4.2.  Variation of heat flow of α-spodumene concentrate at a temperature range of 305– 
1473 K.  The inset plot depicts the transition peak of α-quartz.  The values of Ti, Te, TP and Tf 
denote the initial peak, extrapolated peak onset, peak maximum and final peak temperatures.  
 
Table 4.1.  The characteristic temperatures and enthalpies of spodumene concentrate as the 
average of three replicated measurements at the same heating rate of 10 K min-1 with the 
corresponding standard errors (one sigma).  
Thermal  
event 
Ti  (K) Te  (K) TP  (K) Tf   (K) ∆Hmeasured







839 ± 2 843 ± 2 847 ± 1 861 ± 2 17.4 ± 4  460 ± 110 
α-spodumene 
transition 
1209 ± 3 1286 ± 2 1339 ± 1 1394 ± 2 27,400 ± 200 28,800 ± 200 
Ti, Te, TP and Tf are the initial, extrapolated onset, peak and final transformation temperatures. 
∆Hmeasured
°  stands for the enthalpy change of phase transition determined directly from the area under the transition 
peak. 
∆H100%
°  signifies an estimated enthalpy change of phase transition of a specific mineral; i.e., extrapolated to a pure 
sample. 
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The monotonically increasing heat flow indicates absorption of energy during the heating 
process without evidence of exothermic events.  The first peak at TP1 = 847 K in Fig. 4.2 is 
small compared to the second one at TP2 = 1339 K, and it occurs in a relatively narrow 
temperature window of between 839 and 861 K.  The location of the peak compares well with 
the commonly reported temperature of the α- to β-phase transition of quartz at 846 K (Heaney 
and Veblen, 1991).  This transition arises as an endothermic event in the thermal analysis curve 
(Ghiorso et al., 1979; Hemingway, 1987).  The transition of quartz from α- to β-polymorph has 
been characterised as a typical second-order displacive-transformation reaction (Dolino et al., 
1989; Salje et al., 1992; Scott, 1974).  Displacive reactions, which bend rather than break the 
chemical bonds, involve a small energy change within a narrow temperature window (Dove, 
1997; Putnis, 1992).  However, other studies have reported more complicated inversion of α-
quartz to β-quartz with an incommensurate phase dividing the stability fields of the two phases 
(Dove, 1997; Putnis, 1992). 
 
The transformation of quartz incurs a small molar enthalpy change of 17.4 ± 4 J mol-1.  The 
relatively high error could be due to imperfect homogenisation of the samples, which may 
significantly affect the quartz concentration.  In other words, for small samples, as those used 
in DSC analyses, the presence of a few additional grains of quartz noticeably changes the 
concentration of this mineral in a sample.  This error propagates further into the estimation of 
the enthalpy change of pure (100 %) quartz sample calculated from Equation 1, amounting to 
460 ± 110 J mol-1.  The literature value for this transformation amounts to 450 J mol-1 (Wagner, 
2009). 
 
The principal peak at TP2 = 1339 K represents the reconstructive transformation of natural α-
spodumene to β- and γ-spodumene (Li and Peacor, 1968; Sharma and Simons, 1981).  This 
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transition arises in a relatively wide temperature region, spanning 1209 – 1394 K, indicating a 
slow reaction that involves structural rearrangements in the form of bond breaking, fission, 
addition and/or substitution steps (Putnis, 1992).  Typically, the peak temperature TP represents 
the only property reported in literature to characterise the transformation of spodumene 
concentrate in differential thermal analysis (Gasalla et al., 1987; Gasalla and Pereira, 1990; 
Medina and El-Naggar, 1984).   
 
For the same constant heating rate of 10 K min-1, our peak temperature agrees well with those 
values for high-purity concentrates of spodumene but it differs from low-purity ones (Gasalla 
et al., 1987; Medina and El-Naggar, 1984; White and McVay, 1958).  White and McVay (White 
and McVay, 1958), reported the peak temperature of transformation of spodumene concentrate 
for a unique endothermic reorganisation of α- to β-spodumene as between 1065 and 1070 ºC 
(1338 – 1343 K) in a sample of 98 % purity (South Dakota sample, Fig. 3 in White and 
McVay’s study).  This value is consistent with our measurements of 1339 ± 1 K (1066 ºC).  
Other studies that applied the same heating rate reported 1050 ºC (1323 K) as the transition-
peak temperature for samples of 80 and 90 % purity (Gasalla et al., 1987; Medina and El-
Naggar, 1984).  The observed difference in the maximum peak temperature reflects the 
presence of impurities that affect the transition temperature (Paiement, 2016; White and 
McVay, 1958).  These impurities modify the transition reaction either by direct involvement in 
the transition process, or by varying the thermal conductivity of the concentrate or both (White 
and McVay, 1958).  The location of the peak temperature may be also affected by the presence 
of amorphous material in the specimen (Gasalla and Pereira, 1990).  However, the specimen 
provided by Talison Lithium (d80 = 315 µm) exhibits high crystallinity.  
 
Chapter: 4                   Thermodynamics of phase inversion of spodumene: assessment of energy requirements  
                                                                                           
 
127 
Our specimen contains less than 0.5 % of impurities, expressed as oxides, such as CaO, K2O, 
MgO, Fe2O3 and Na2O, while previously investigated specimens comprised 2 % of these 
impurities in addition to excess SiO2 and Al2O3 (i.e., incorporated in minerals other than α-
spodumene) (Gasalla et al., 1987; Medina and El-Naggar, 1984).  White and McVay (White 
and McVay, 1958) studied the effect of SiO2 on the thermal behaviour of different spodumene 
concentrates, to demonstrate that an excess of SiO2 ≥ 6.5 % decreases the peak temperature by 
about 50 ºC.  From this perspective, the quartz content of our sample (4 %) falls below 6.5 % 
that can significantly influence the peak temperature of spodumene. 
 
 
4.4.2 Thermodynamics of spodumene concentrate 
 
4.4.2.1 Variation of heat capacities before the transformation of α-spodumene 
 
The good repeatability of the measured heat flow, the location of the thermal events, and small 
errors (Table 4.1) allow a precise determination of the specific heat capacity  𝐶𝑃(𝑇) of the 
concentrate of α-spodumene, as illustrated in Fig. 4.3.  
 
The thermogravimetric analysis presented in the inset plot of Fig. 4.3 reports mass loss of about 
0.05 mg across the entire temperature window of 313 – 1450 K.  This introduces a minor error 
of less than 0.2 % in the measurement of heat capacity.  We converted the measurements of 
specific heat capacity to molar values and fitted them according to the most recommended 
polynomial (Berman, 1988; Berman and Brown, 1985; Robie and Hemingway, 1995).  The 
data were extrapolated to room temperature and employed to calculate the molar heat 
capacity 𝐶𝑃(𝑇) of concentrate of α-spodumene before and after the transition reaction. 
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Figure 4.3.  Variation of heat capacity of α-spodumene concentrate over a temperature interval 
of 313 – 1450 K.  The inset plot depicts the variation in mass loss over the entire temperature 
range.   
 
The following expression represents the fitted  𝐶𝑃(𝑇) function, in J mol
-1 K-1, before the 
transition temperature, i.e., 298.15 ≤ T ≤ 1209 K.  
 
CP
° (T) = (3.621×102) - (0.889 ×10-2 T) - (0.379×106 T -2) - (3.331×103 T -0.5)     (4.2) 
 
Figure 4.4 compares the calculated  CP
° (T) values of spodumene concentrate, before the 
transformation, with the measurements reported in literature for pure α-spodumene.  
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Figure 4.4.  The variation in the heat capacity of spodumene concentrate as compared to pure 
α-spodumene within a temperature window of 298.15 – 1209 K.  The literature data were 
obtained from Robie and Hemingway (Robie and Hemingway, 1995).  
 
As shown in Fig. 4.4, the values of molar heat capacity of the spodumene concentrate concur 
with the literature estimates, with a small deviation present at temperatures below 800 K.  The 
maximum difference in  CP
° (T) of concentrate of α-spodumene, between the present 
measurements and the values in the literature, corresponds to 3.5 J mol-1 K-1 at 400 K.  This 
deviation is generally smaller than common numerical artefacts of data treatment and 
processing and can thus be considered negligible.  Our measurements indicate that, the 
presence of a small amount of quartz (~ 4 %) entails a minor uncertainty in the heat capacity 
of spodumene of 0.15 %. 
 




° ) and Gibbs free energy −(𝐺𝑇
° − 𝐻298
° )/𝑇, from the following equations: 
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𝑑𝑇                                                                (4.4) 
−(𝐺𝑇
° − 𝐻298 
° ) 𝑇⁄ = (𝐻𝑇
° − 𝐻298 
° ) 𝑇⁄ − 𝑆𝑇
°  (4.5) 
where 𝐻298  
° and  𝑆298 
°  are the standard molar enthalpy and entropy of α-spodumene at 298.15 
K that correspond to -3,055 kJ mol-1 and 129.3 J mol-1 K-1, respectively (Wagman et al., 1982).  
Generally, the calculated values increase with temperature as indicated in Fig. 4.5. 
 
 
Figure 4.5.  Thermodynamic functions of α-spodumene concentrate at a temperature range of 
298 – 1209 K.  The colour symbols represent the respective literature data of Robie and 
Hemingway (Robie and Hemingway, 1995)  The plots confirm the accuracy of the 
thermodynamic data available in literature and demonstrate the veracity of our measurements 
and calculations. 






































































This work (Robie and Hemingway, 1995)
31
Chapter: 4                   Thermodynamics of phase inversion of spodumene: assessment of energy requirements  




The increase of the temperature dependence of the heat content, (𝐻𝑇
° − 𝐻298
° )/𝑇, and the 
negative values of the molar Gibbs free energy of α-spodumene signify the stability of this 
mineral at high temperature, while the augmentation of the molar entropy (𝑆𝑇
° ) of the system 
reveals increasing disorderliness at elevated temperatures.  Comparison of our measured values 
with the reference data of pure α-spodumene (Robie and Hemingway, 1995), as shown in Fig. 
4.5, demonstrates an excellent agreement before the phase transition (i.e. 298.15 ≤ T ≤ 1209 
K).  Our measurements show high precision with small maximum errors amounting to 2.9, 4.6 
and 0.02 J mol-1 K-1 (2 σ) for the functions of molar enthalpy, entropy and Gibbs free energy, 
in that order.  The following expressions represent the fitted thermodynamic functions before 
the transition temperature, i.e., 298.15 < T ≤ 1209 K with H° and G° in kJ mol-1 and S° in J 




° )/𝑇 = (3.350 ×102) - (1.079 T -2) - (5.792×103 T -0.5)     (4.6) 
𝑆𝑇
°  = (3.422 ×10
2
) - (0.190 T ) - (4.715×10
3
 T -0.5)     (4.7) 
−(𝐺𝑇
° − 𝐻298
° )/𝑇 = (1.865 ×102) - (820.332 T -0.5) + (8.40 ×10−5 T 2)       (4.8) 
 
 
4.4.2.2 Transformation of spodumene 
 
The area under the transition peak of α-spodumene (Fig. 4.2 and 4.3) is relatively large and 
broad compared to that under the quartz peak, and corresponds to ∆𝐻° of 27,400 ± 200 J mol-
1.  The broad peak reflects slow kinetics that comprise several crystallographic reactions in 
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parallel and in series (see chapter 3).  As the concentrate contains about ~ 96 % of α-
spodumene, the enthalpy change of pure spodumene is calculated to be 28,800 ± 200 J mol-1.  
The experimentally measured value of the enthalpy change for the transformation of 
spodumene concentrate with this small error has not been reported before.  A previous study 
identified a wide range of values between 30,334 and 71,974 J mol-1, using the T-P diagram to 
evaluate the enthalpy change according to the equation of ∆𝐻° = 𝑇∆𝑉𝑑𝑃/𝑑𝑇 (Edgar, 1968).  
It has been suggested that, the transformation reaction of spodumene obeys a first-order 
mechanism (Botto and Arazi, 1975; Moore et al., 2018).  Thermodynamically, the first-order 
reconstructive reaction displays a large discontinuity in volume and enthalpy change (Dove, 
1997; Putnis, 1992).  Despite the large increase in the volume of about 25 % associated with 
the transition, the enthalpy change is at the lower end of values expected for reconstructive 
phase-change reactions.   
 
The molar Gibbs free energy (∆𝐺°) can be obtained as follows, from the difference between 
the molar enthalpy change (∆𝐻°) and the product of multiplication of ∆𝑆° and the 
corresponding temperature (T) as follows: 
 
∆𝐺° = ∆𝐻°  − 𝑇∆𝑆° (4.9) 
 
At the inversion, the value of ∆𝐺° = 0; i.e., the reaction is in equilibrium.  Because the 
transition reaction of spodumene is relatively slow, it is difficult to measure the actual transition 
temperature directly from the calorimetric curves (Pankratz and Weller, 1967).  The 
extrapolated onset temperature Te of the inversion peak (peak 2 in Fig. 4.2), as the heating rate 
approaches zero (i.e., β → 0), represents the most reliable determination of the transition 
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temperature (Flammersheim et al., 2003).  Figure 4.6 displays the variation of onset 
temperature as a function of heating rate, demonstrating Te = 1270 ± 2 K (997 ± 2 ºC) when β 
→ 0. 
 
Figure 4.6.  Extrapolated onset temperature Te as a function of the heating rate β to determine 
Te as β → 0. 
 
Therefore, the molar entropy change (∆𝑆°) calculated from Equation 4.10 corresponds to 21.5 
± 0.4 J mol-1 K-1.  The error of the enthalpy change facilitated estimation of the uncertainty in 







The positive sign of the molar entropy change and the relatively high value indicate that, the 
resultant phase has a more disordered structure than the original sample, a property associated 
with the random distribution of Si and Al atoms in the tetrahedral sites (Li, 1968; Li and Peacor, 
1968; Liebau, 1985). 
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Calcination of spodumene concentrate at temperatures lower than 1270 K (997 ºC) may not 
lead to full conversion of α-spodumene to other polymorphs, even for a long reaction time.  An 
earlier study on a technical-grade (98 % purity) concentrate of spodumene of ~150 µm reported 
that, heating of the material at 850 ºC for 240 h did not result in a considerable conversion, 
while at 950 ºC (1223 K), 24 h was required to obtain full conversion of spodumene (White 
and McVay, 1958).  The temperature of 1223 K falls below the present estimate of the transition 
temperature (1270 K).  To investigate the transition temperature further, and reasons for the 
apparent inconsistency, we heated our sample at 1223 K for shorter and longer periods of time 
than those used in the study of White and McVay (White and McVay, 1958).  Figure 4.7 shows 
the results of the ex-situ XRD measurements after heating α-spodumene concentrate for 20, 25 
and 30 h, then cooling it down to room temperature to obtain the X-ray spectra, with Table 4.2 
listing the phase composition obtained semi-quantitatively from the spectra. 
 
 
Figure 4.7. XRD analysis of the isothermal transformation of α-spodumene at 950 ± 2 ºC (1223 
K) for heating times of 20, 25 and 30 h.  
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Unheated 96 0 0 4 
20 72 14 9 5 
25 62 23 10 5 
30 48 32 15 5 
 
Figure 4.7 illustrates the peaks of α-spodumene decreasing marginally with increasing heating 
time.  After 20 h of heating, β- and γ-spodumene form but intensities of α-spodumene peaks 
only decrease slightly, showing ineffective calcination in our experiments at 1223 K.  Contrary 
to the measurements of White and McVay (White and McVay, 1958), a full conversion of our 
α-spodumene sample is unattainable at 1223 K even after 30 h of heating.  The inconsistency 
might have been caused by errors in temperature measurements, heat transfer limitation for 
larger particles, the presence of amorphous phase or the existence of impurities that act as 
fluxes to depress the inversion temperature.   
 
As White and McVay reported using concentrate of 98 % purity (i.e., of higher spodumene 
content than in the present study), the impurities do not affect the inversion temperature.  The 
effect of amorphicity arises for very small particle sizes, typically in the order of less than 20 
μm.  In our other studies, we observed a minute amount of amorphous material in the high-
sensitivity XRD spectra in samples ground further to d80 = 120 µm, with the spectra collected 
at the Australian synchrotron.  These observations lead us to believe that particles of around 
150 µm in size studied by White and McVay appear too large to display a significant effect of 
amorphous material on the inversion temperature.  Likewise, while the literature widely reports 
the effect of particle size, mostly due to heat-transfer limitations (Berger et al., 1990; Gasalla 
et al., 1987; Gasalla and Pereira, 1990; Kotsupalo et al., 2010; Roy and Osborn, 1949), the 
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effect would have to be opposite to explain the discrepancy between the results of the present 
study and those of White and McVay.  Thus, the only viable explanation seems to be an error 
in the measurement of sample temperature in the study of White and McVay (White and 
McVay, 1958).   
 
 
4.4.2.3 Variation of heat capacities after the transformation of α-spodumene 
 
As derived from Fig. 4.8, Equation 4.11 epitomises the variation of the molar heat capacity of 




(T) = (5.376 × 10
2
) - (11.811 × 10
3
 T -0.5) (4.11) 
 
As shown in Fig. 4.8, the 𝐶𝑃
° (𝑇) of the resulting phase differs from the reference function of β-
spodumene (Robie and Hemingway, 1995), which represents the expected high temperature 
polymorph of spodumene (Botto et al., 1975; Botto, 1985; Gasalla and Pereira, 1990; Skinner 
and Evans, 1960; White and McVay, 1958).  Our previous in-situ measurements of the phase 
transition have shown that α-spodumene transforms to both γ- and β-spodumene, as indicated 
in the XRD spectra.  This is consistent with the recent studies of other researchers (Moore et 
al., 2018; Peltosaari et al., 2015; Salakjani et al., 2016). 
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Figure 4.8. Heat capacity of the calcined spodumene concentrate compared to pure β-
spodumene (β-LiAlSi2O6) and β-eucryptite (β-LiAlSiO4) in a temperature window of 1394 – 
1450 K.  The literature data were extracted from Robie and Hemingway (Robie and 
Hemingway, 1995).  We did not adjust the heat capacity of the resulting phase by factoring out 
the effect of quartz, which has much lower 𝐶𝑃
° (𝑇) in comparison to spodumene; around 70 J 
mol-1 K-1.  Adjusting for this effect would have translated the 𝐶𝑃
° (𝑇) of the resulting phase (i.e., 
the blue line) vertically upwards by about 0.34 J mol-1 K-1. 
 
Because of paucity of the heat capacity data for γ-spodumene in the literature, for high 
temperature, we employed the values of β-eucryptite (β-LiAlSiO4) for comparison.  Both γ-
spodumene and β-eucryptite exhibit the same stuffed β-quartz structure,(Xu et al., 2000) and 
both minerals have been previously reported as products of transformation of α-spodumene (in 
addition to β-spodumene) (Peltosaari et al., 2015; Skinner and Evans, 1960).  Figure 4.8 
illustrates that, the 𝐶𝑃
° (𝑇) value of the resulting phase falls half-way between those for pure β-
eucryptite and β-spodumene (Robie and Hemingway, 1995).  This indicates that, the 
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transformation process could produce secondary phases beside the pure β-spodumene as 
previously concluded in the literature (Gasalla et al., 1987; Gasalla and Pereira, 1990; Mah, 
1967; Tian et al., 2011) and suggested in Table 4.2 and Fig. 4.7 for 25 and 30 h heating time.   
 
The mixture of γ- and β-spodumene that persists after the inversion peak reflects the relatively 
short heating time associated with the temperature ramp of 10 K min-1.  A prolonged heating 
of the spodumene concentrate at temperatures around 1353 K, as is the present practice in 
lithium refineries, eventually converts the entire γ- to β-spodumene.  An upward trend in the 
measured heat capacity, depicted in Fig. 4.8, indicates slow inversion of γ- to β-spodumene.  
We have verified this observation by heating the concentrate at 1373 K for 30 min to obtain 
the XRD spectrum shown in Fig. S4.2 in Supporting Information.  This spectrum reveals a 
yield of β-spodumene of around 95 %.  Evidently, the main inversion peak for α-spodumene 
represents the reconstructive reaction of this species into a mixture of two high-temperature 
polymorphs; i.e. γ- and β-spodumene.  Slow transformation from γ- to β-spodumene also takes 
place at temperature exceeding the completion of the principal inversion peak, as reflected by 
elevated values of heat capacity and the supporting XRD measurements. 
 
 
4.5 Energy Requirements of Transformation of Spodumene Concentrate 
 
Our thermodynamic measurements allow calculating the minimum energy required (∆HT) to 
heat the α-spodumene concentrate from ambient temperature to the end of the transformation 
process (i.e., Tf = 1394 K).  For clarity, the heat capacity curve (Fig. 4.3) can be divided into 
three enthalpic portions as sketched in Fig. 4.9. 
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Figure 4.9. The determination of the enthalpies before and during the transformation of α-
spodumene.  
 
Equations 12, 13 and 14 enable the calculation of the enthalpy segments:   
 
∆𝐻1 = ∫ 𝐶𝑃(𝑇)
𝑇i
𝑇298 
𝑑𝑇 Enthalpy prior to the transition (4.12) 
∆𝐻2 = 𝐶𝑃(𝑇𝑖)(𝑇P − 𝑇i)  + 𝐶𝑃(𝑇f)(𝑇f − 𝑇P)  
Specific enthalpy during the 
transition                                                              
(4.13) 
∆𝐻3 = ∫ 𝐶𝑃(𝑇)
𝑇f
𝑇i
𝑑𝑇 − ∆𝐻2 Latent enthalpy (4.14) 
 
Application of Equation 4.12 yields ∆H1 = 1143 ± 46 kJ kg
-1 before the phase transition.  
Equation 4.13 facilitates the calculation of the specific enthalpy during the transition, ∆H2 
corresponds to 244 ± 10 kJ kg-1.  The errors of ∆H1 and ∆H2 (4 %) have been calculated from 
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the maximum standard deviation of the baseline of three repeated heat flow measurements.  
From Equation 4.14, the enthalpy changes of the transformation (latent enthalpy) amounts to 
∆H3 = 147 ± 1 kJ kg
-1.  Therefore, the total energy requirement ∆HT for the entire 
transformation process can be estimated as:  
 
∆𝐻T = ∆𝐻1 + ∆𝐻2 +  ∆𝐻3 (4.15) 
 
Our results show that the thermal transformation of α-spodumene concentrate requires 1,530 ± 
47 kJ kg-1.  A recent study of Peltosaari et al estimated the energy for heating pure α-spodumene 
and quartz from ambient temperature to 1100 ºC (1373 K) as 1,502 and 1,230 kJ kg-1, 
respectively (Peltosaari et al., 2016).  For our sample of approximately 96 % spodumene and 
4 % quartz, an estimation of heating concentrate from ambient temperature to 1100 ºC yields 
~1,491 kJ kg-1, i.e., [1,502 kJ kg-1 × 0.96 + 1,230 kJ kg-1 × 0.04].  This enthalpy is slightly 
lower than that obtained from the present measurement, with a difference of around 3 %.  This 
can be rationalised by the fact that, Peltosaari et al (Peltosaari et al., 2016), performed their 
calculations based on the full transformation of α-spodumene at 1100 ºC (1373 K).  However, 
Fig. 4.2 and Table 4.1 indicate that, in practice, the main inversion peak only completes at 1394 
K (1121 ºC), with the residual slow transformation of γ-spodumene to β-spodumene occurring 
at even higher temperatures, for the heating ramp of 10 K min-1 (see the discussion on Fig. 4.8).  
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 4.5 Implications to Industrial Processes 
 
4.5.1 Energy savings  
 
Our measurements demonstrate the thermodynamic functions of technical-grade α-spodumene 
sample to be consistent with the standard correlations (Robie and Hemingway, 1995) for pure 
α-spodumene (Fig. 4.4 and 4.5).  Our results also provide the missing estimates of the 
thermodynamic potentials during and after the transformation.  In a thermal process, these 
parameters play a crucial role in optimising designs of the industrial processes (Edmister, 1945; 
Hendriks et al., 2010; O’Connell et al., 2009).  In lithium refineries, the required energy for the 
calcination step corresponds to about 2,800 kJ kg-1 (Seddon, 2016).  This means that, the energy 
used in the current process, which employs the rotary kiln furnace, exceeds the thermodynamic 
requirement by 82 %.  This also reveals possible energy savings by altering the design of the 
present process.  More reliable calculations of energy requirement  facilitate the energy balance 
of unit operations, provide yield estimates at equilibrium and support the overall life cycle 
assessment (LCA) (Azapagic and Clift, 1999; Burgess and Brennan, 2001; Zackrisson et al., 
2010).  The thermodynamic data presented in this contribution will enable designing different 
calcination approaches.  For example, they may make it possible to develop a hybrid or a 
continuous microwave system, where in-situ measurements would not be viable. 
 
 
4.5.2 Calcination temperature 
 
Our results demonstrate the transition reaction to occur at 1270 K (997 ºC).  The full conversion 
of our bulk spodumene concentrate was not obtained at 950 ºC, even after heating the sample 
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for 30 h.  This implies that, the calcination of spodumene below or around this temperature 
could be problematic if implemented in a large-scale process.  Based on the above observations, 
the temperature range of inversion of spodumene concentrate should be selected between 1273 
and 1373 K (1000 – 1100 ºC) and preferentially between 1323 and 1373 K (1050 – 1100 ºC), 
consistent with the present practice, to enable maximum conversion that is fast enough for 
industrial processes (Chagnes and Światowska, 2015; Garrett, 2004; Peltosaari et al., 2016; 
Peltosaari et al., 2015).  In addition, determination of the start and end temperature limits of 
the transition process should assist in optimising other applications of spodumene, such as 
manufacturing of ceramics (Dressler et al., 2011; Ebensperger et al., 2005; Tulyaganov et al., 
2004).   
 
 
4.5.3 Capital cost and carbon footprint 
 
A typical calcination process of spodumene concentrate operates in a relatively low-efficiency 
rotary kiln furnace utilising gas (or coal) as the primary fuel.  The energy excess of 82 % 
signifies difficulties in the cost-effective design and operation of lithium extraction plants.  The 
determination of thermodynamic, and consequently the thermal energy requirements, as 
described in this work, should minimise the uncertainty in the estimation of the capital cost of 
lithium production from spodumene, a necessary step to meet the growing demand for lithium 
(Martin et al., 2017).  As for other applications, such as carbon sequestration by mineralisation 
(Chowdhury and Quddus, 2013; Figueroa et al., 2008; Quddus et al., 2015; Wen et al., 2007; 
Yang et al., 2008), it is important to consider the emission of CO2 in the LCA in terms of energy 
inputs and of the overall environmental performance of the process (Balucan and Dlugogorski, 
2012; Balucan et al., 2013; Balucan et al., 2011; Dlugogorski and Balucan, 2014; Niklas et al., 
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2014; Pennington et al., 2004; Rebitzer et al., 2004).  Using high energy excess in plant designs 
increases the CO2 emissions and exacerbates the environmental footprint of the process. 
 
 
4.5.4 Integrated process for optimising calcination stage 
 
Our results further illustrate that, the required energy for achieving the transformation of α-
spodumene is much lower than the current heat load delivered to the rotary kiln.  This should 
help in developing more efficient heating processes.  A new calcination process that involves 
both mechanical and thermal energies has been recently suggested for heating exceptionally 
fine ground spodumene concentrate under fluidised conditions at 1073-1273 K (800 – 1000 
ºC)(Metsärinta, 2015) or by applying microwaves (Peltosaari et al., 2015; Salakjani et al., 
2017).  Likely presence of amorphous spodumene makes it possible to process the material at 
a lower temperature, albeit at cost of additional grinding.  Fine particles display higher content 
of amorphous material, and microwaves may deliver the energy exactly where needed.  The 
latter has advantage when the energy comes from renewable sources, such as hydro or 





Concentrates of technical grade of α-spodumene transform to γ- and β-spodumene polymorphs 
at a temperature of 1270 K (997 ºC).  The determined characteristic temperatures of the initial 
Ti, extrapolated onset Te, peak TP, and final Tf, temperatures correspond to 1209, 1286, 1339, 
and 1394 K, respectively, facilitating the optimisation of the calcination process.  The presence 
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of ~ 4 % quartz as a gangue mineral does not significantly affect the thermodynamic functions 
of the spodumene concentrate.  For the temperature segments during and after the transition, 
our results fill the gap in the literature.  Both α-quartz and α-spodumene exhibit endothermic 
events in the measurement of heat flow.  The transformation of α-quartz occurs very fast and 
over a small temperature window.  On the other hand, the transformation of α-spodumene takes 
place relatively slowly, over a broader temperature range of 1209 to 1394 K, as measured at a 
heating rate of 10 K min-1.  Spodumene transforms with an enthalpy change of 27,400 ± 200 J 
mol-1.  Determination of the enthalpy change of the transformation facilitates estimation of the 
entropy difference of the transition reaction.  Furthermore, it enables a detailed thermodynamic 
assessment of the minimum energy requirements for the transformation of spodumene with an 
estimated value of 1,530 ± 47 kJ kg-1.  The current industrial processes operate at energy excess 
of 82 %.  Some γ-spodumene remains unconverted even after the completion of the principal 
inversion peak.  With support of further XRD measurements, we conclude that, for a heating 
rate of 10 K min-1, this peak represents the reconstructive transition of α-spodumene into a 
mixture of γ- and β-spodumene, with slow transformation from γ- to β-spodumene occurring at 
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This chapter describes the high-temperature kinetics of α-
spodumene transformation under non-isothermal conditions.  It 
applies the isoconversional method to analyse the dependence 
Arrhenius parameter on both temperature and the degree of 
conversion.  The gathered kinetic data facilitate the prediction of 
the degree of conversion in isothermal heating processes.  The 
chapter also describes the variation of transformation rate with the 
degree of conversion.  This chapter comprises complementary 
information to that provided in Chapter 8… 
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1.1. Abstract  
 
This study provides important kinetic parameters of the transition of α-spodumene to its high-
temperature polymorphs.  The transition process was studied by the simultaneous thermal 
analysis (STA) using non-isothermal runs at four heating rates of 5, 10, 15 and 20 K min-1.  
The investigation follows the isoconversional approach with the measurements analysed by 
integral methods of estimating the temperature integral, to determine the dependence of the 
isoconversional activation energy (Eα) on the degree of conversion (α).  The compensation 
effect allowed the estimation of the pre-exponential factor as function of conversion (Aα).  The 
collected results are outlined as follow:  All integral approaches to the isoconversional analysis 
yield consistent variation of Eα in the range of 635 – 892 ± 0.6 kJ mol
-1 over a conversion 
interval of 0.05 ≤ α ≤ 0.95.  Secondly, ln (Aα/min) falls within the limits 55 – 77 min
-1 over the 
entire window of conversion.  The relatively high Ea indicates the need to apply elevated 
temperatures to overcome the kinetic resistance of the transformation reaction and suggest 
breaking of at least two Si-O bonds at the onset of the rearrangement process.  Regardless of 
the reaction model, the relationship of Eα(α) obtained in this chapter is sufficient to predict all 
quantities of practical interest.  




Spodumene exists in nature in its α-phase with a monoclinic crystal structure of the pyroxene 
group (Clarke and Spink, 1969).  The industrial processing of lithium from spodumene 
concentrate requires heat treatment (Chagnes and Swiatowska, 2015; Garrett, 2004).  At high 
temperature, spodumene transforms into tetragonal β- and the hexagonal γ-phase (Li, 1968; Li 
and Peacor, 1968).  Transformation of α-spodumene is essential for lithium extraction (Botto, 
1985; Clarke and Spink, 1969; Qianqiu et al., 2011; Rosales et al., 2014), as α-spodumene lacks 
reactivity to allow ionic exchange of Li+ and H+ or other cations of alkaline metals.  The 
spodumene polymorphs relate to one another by reconstructive transformations under different 
conditions (Li, 1968).  Such changes exhibit slow kinetics and high energy consumption 
(Putnis, 1992).  The thermal mineralogical transformation of natural α-spodumene occurs at 
above 1173 K (Deer et al., 1992) to overcome the associated high activation energy of the 
transition process.  
 
Two studies have investigated the transformation kinetics of samples consisting of concentrate 
of α-spodumene (Botto and Arazi, 1975; Moore et al., 2018), and involved isothermal heating 
at different temperatures, covering the range of 880 – 1050 °C.  Both studies applied the fitting 
of the first order model of Avrami-JMAK (Avrami, 1939), to determine the Arrhenius 
parameters and gauge the reaction mechanism (Botto and Arazi, 1975; Moore et al., 2018).  
Botto and Arazi (1975) suggested that, below 930 ºC (1203 K), the activation energy amounts 
to 750 kJ mol-1 and that the transformation follows the nucleation mechanism.  Above this 
temperature, the activation energy decreases to 290 kJ mol-1 in a process characterised by 
instantaneous nucleation and one-dimensional growth kinetics (Botto and Arazi, 1975).  
However, Moore et al. (2018) have reported that, the activation energy remains constant at 
around 800 kJ mol-1 within a temperature range of 896 – 940 ºC with no evidence for two 
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mechanistic steps described by Botto and Arazi (1975).  Determining the kinetic parameters 
from isothermal experiments encounters a practical difficulty of accounting for the heating-up 
of the sample, when partial conversion may occur.  On the other hand, one-step reaction 
mechanisms, such as those based on the first order Avrami-JMAK model presuppose a constant 
activation energy within the entire range of sample conversion (Vyazovkin et al., 2011).   
 
The current study investigates in detail the transformation kinetics of crystalline α-spodumene 
during non-isothermal heating processes.  We hypothesise that, the process involves multi-step 
kinetics, in which the Arrhenius parameters vary with the degree of conversion (α).  We apply 
the isoconversional method to estimate the activation energy and the pre-exponential factor, as 
function of conversion (Vyazovkin et al., 2011).  Determination of the isoconversional 
activation energy (Eα) serves to predict the isothermal heating requirements.  The activation 
energy (Eα) and pre-exponential factor (Aα) facilitate estimation of the thermodynamics of the 
activation complex (Horvath, 1985).  The variation of the activation energy with conversion 
provides insights into the reaction complexity, allowing one to hypothesise about elementary 
reaction steps and providing focus for future kinetic studies.  
 
 
1.3. Materials and Methods  
 
5.3.1 Materials and nonisothermal experimental method 
 
The experiments involved bulk α-spodumene concentrate (Greenbushes, Western Australia) 
characterised by particles sizes of d80 = 315 μm.  Netzsch STA 449 F3 facilitated the differential 
scanning calorimetry (DSC) for the thermal transformation of samples of α-spodumene (α-
LiAlSi2O6).  We employed relatively large samples of 32 ± 2.5 mg to ensure their homogeneity 
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and avoid experimental artefacts related to the modal concentration of quartz varying in the 
specimens from the average bulk value of 4 %. 
 
Samples were placed in a clean platinum crucible with a lid and then subjected to nominal 
heating rates of 5, 10, 15, and 20 K min-1, within the temperatures range of 305 K to 1450 K 
under argon atmosphere.  The continuous flow rate of the purge gases amounted to 20 mL min-
1, as measured under the standard condition of temperature and pressure (STP, NIST).  Blank 
runs completed under identical conditions to the production runs yielded the buoyancy and 
baseline corrections, for gravimetric and DSC measurements, respectively.  The DSC curve 
represents the graphical display of the variation of the heat flow (Φ). 
 
For analytical purposes, we estimated the degree of conversion from the original normalised 
heat flows (DSC) signals, obtained at a specific heating rate by integrating the area under the 












        
(5.1) 
 
where, 𝐴𝑡 represents the partial area under the transition curve at a specific time, t, or 
temperature, and 𝐴T denotes the total area under the transition curve over the entire time or 
temperature window.  Figure 5.1 sketches the procedure of constructing the kinetic curve of 
transformation of α-spodumene according to Equation 5.1.  In essence, the extent of conversion 
corresponds to the area under the baseline-corrected DSC signal for up to time t or temperature 
T, normalised by the total area of the transition peak.  This value can be calculated as a fraction 
or percentage.  The blue line in Fig. 5.1 signifies the conversion curve as calculated from 
Equation 5.1.  
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Figure 5.1. Variation of heat flow and degree of conversion as a function of temperature.  The 
DSC data were collected at a heating rate of 10 K min-1. 
 
The reproducibility of the DSC results has been determined by measuring three values of the 
enthalpy change of transformation of α-spodumene at the same heating rate of 10 K min-1, as 
mentioned in Chapters 4 and 8.  Chapter 3 reports detailed analysis of the mineralogical 
transformation of samples of spodumene concentrate.  
 
 
5.3.2 Preparation of isothermal samples for X-ray measurements  
 
We performed XRD experiments on the isothermally heated samples, to identify mineral 
phases that form during heating.  The method involves placing a 3 g of α-spodumene 
concentrate in a 15 mL platinum crucible.  The crucible was then covered by a platinum lid to 
avoid sample contamination, and placed for 0.5, 1, 1.5, 2 and 2.5 h in an electric muffle furnace 
pre-heated to 1000 ± 2 ºC.  After heating, the samples were removed from the oven and allowed 
to cool down to room temperature, then ground in an agate mortar in 1 min intervals, each 
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interval followed by sieving the sample to pass through a -90 µm mesh.  This was done to avoid 
producing an amorphous phase that may affect the XRD detection.  GBC Enhanced Multi-
Material Analyser in Murdoch University served to collect XRD spectra at ambient 
temperature, to characterise the transition of the original phase (α-spodumene) in the isothermal 
heating mode.  Six samples of 1.2 ± 0.05 g were measured using Cu Kα radiation in the range 
of 10 – 50º 2𝜃, with a step size of 0.01º and collection time of 1s per step at 35 kV and 28 mA.  
A single crystal of silicon (Si; 2θ =28.46º) afforded the calibration of the instrument.  Match! 




5.4 Kinetic analysis 
 
5.4.1 Isoconversional approach 
 
Equation 5.2 casts the rate of conversion in solid materials in terms of a product of the rate 




= 𝑘(𝑇)𝑓(α)     (5.2) 
 
where 
𝑘(𝑇) = 𝐴 exp (−
𝐸
𝑅𝑇
)     (5.3) 
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The parameters A, E, R and T denote the pre-exponential factor, activation energy, the universal 
gas constant and absolute temperature in Kelvin, respectively.  Table 5.1 lists the differential 
form of the reaction models with the corresponding integral relations shown in the last column 
on the right hand side.   
 
Table 5.1. Reaction models describe the kinetics of solid-state (*).   
No. Code Reaction Model f(α) 
g(α) integral form; 
defined in Equation 
5.7 
1 P4 Power law 4𝛼3/4 𝛼1/4 
2 P3 Power law 3𝛼2/3 𝛼1/3 
3 P2 Power law 2𝛼1/2 𝛼1/2 
4 P2/3 Power law 2/3𝛼−1/2 𝛼3/2 
5 D1 One-dimensional diffusion 1/2𝛼−1 𝛼2 
6 F1 Mampel (first order) 1 − 𝛼 −ln (1 − 𝛼) 
7 A4 Avrami-Erofeev 4(1 − 𝛼)[− ln(1 − 𝛼)]3/4 [− ln(1 − 𝛼)]1/4  
8 A3 Avrami-Erofeev 3(1 − 𝛼)[− ln(1 − 𝛼)]2/3 [− ln(1 − 𝛼)]1/3  
9 A2 Avrami-Erofeev 2(1 − 𝛼)[− ln(1 − 𝛼)]1/2 [− ln(1 − 𝛼)]1/2  
10 D3 Three-dimensional diffusion 3/2(1 − 𝛼)
2
3⁄ [1 − (1 − 𝛼)
1
3⁄ ]−1 [− ln(1 − 𝛼)1/3]2 
11 R3 Contracting sphere 3(1 − 𝛼)
2
3⁄  1 − (1 − 𝛼)1/3 
12 R2 Contracting cylinder 2(1 − 𝛼)
1
2⁄  1 − (1 − 𝛼)1/2 
13 D2 Two-dimensional diffusion [− ln(1 − 𝛼)]−1 (1 − 𝛼)ln (1 − 𝛼) + 𝛼 
* Khawam and Flanagan, (2006) provides the detailed derivation and explanation, including the respective 
assumptions of these models. 
 
For a nonisothermal heating process, where temperature changes linearly with time, the heating 





= 𝐴 exp (−
𝐸
𝑅𝑇
) 𝑓(𝛼) (5.4) 
 
Equations 5.2 to 5.4 describe the kinetics of a single step reaction.  However, if a single reaction 
approximates several elementary reactions, the kinetic parameters (Eα and A) vary with the 
degree of conversion.  Such variations can be detected by the so-called isoconversional analysis 
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(Vyazovkin, 1996; Lyon, 1997).  This analysis determines the variation of the activation energy 
(Eα) as a function of conversion (α) (Oluwoye et al., 2017; Vyazovkin, 1996; Vyazovkin and 
Sbirrazzuoli, 2006).   
 
The isoconversional analysis assumes that, at a constant degree of conversion, the reaction rate 
is a function of temperature only (i.e. f(α) = constant).  Taking the logarithmic derivative of 

















Equation 5.5 demonstrates how to evaluate Eα without assuming any kinetic model.  For this 
reason, some researchers denote the isoconversional analysis as a “model-free” technique 
(Vyazovkin, 2006).  In a nonisothermal process, the temperature dependence k(T) follows from 
a series of experiments performed for different heating rates.  Normally, one requires three runs 
to confirm the linearity of collected points in the least-square sense.  Significant dependence 
of Eα on α indicates that, the reaction reflects several elementary steps in series or in parallel.  
 
The computational approaches to the isoconversional analysis involve differential and integral 
techniques.  While its results are often associated with larger errors, the Friedman constitutes 
perhaps the most widely used differential procedure (Friedman, 1964).  For a nonisothermal 
heating process, this procedure commences by taking the natural logarithm of both sides of 
Equation 5.4 to produce: 
 












The index, i, acts as a counter for various heating rates.  The activation energy then follows 
from a plot of ln[𝛽𝑖(d𝛼 d𝑇⁄ )𝛼,𝑖] versus 1 𝑇𝛼,𝑖⁄  that gives directly −𝐸𝛼 𝑅⁄ .  The application of 
this method requires computational differentiation that introduces numerical noise.  The 
smoothing of this noise causes a considerable error (Vyazovkin et al., 2011), as was also the 
case for our attempts to apply the Friedman methodology to the present measurements.  Thus, 
we include this brief note on the Friedman methodology only for completeness and to make 
the reader aware of our failed attempt of its application.  We will make no further reference to 
Friedman’s approach in the remaining part of this chapter.  
 
Integral methods have the advantages of decreasing the scatter in estimating Eα, encountered 




















𝐼(𝐸, 𝑇) (5.7) 
 
where, g(α) stands for the integral form of the reaction model, and the corresponding 
integration limits of α and Tα result from the kinetic curve (Fig. 5.1, as discussed in Section 
5.3.1).  The temperature integral I(E, T) of Equation 5.7 has no mathematical solution and needs 
be approximated.  Several approximations of I(E, T) have been proposed in literature to yield 
activation energies as function of extent of reaction, from a series of runs performed at different 
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where, parameters B and C depend on the I(E, T), and the subscript i refers to the number of a 
specific heating rate (in the current study i = 1 to 4), but, in a more general approach, it may 
also include repeated experiments.  Equation 5.8 applies separately to each level of conversion. 
 
The Kissinger-Akahira and Sunose (KAS) method sets B = 2 and C = 1 (Akahira and Sunose, 
1971; Kissinger, 1957).  Starink (2003) achieved further accuracy by selecting B = 1.92 and C 
= 1.0008; see further discussion by Vyazovkin et al. (2011).  Plotting ln(𝛽𝑖 𝑇𝛼,𝑖
𝐵⁄ ) against 
(1 𝑇𝛼,𝑖⁄ ) provides a straight line with a slope that affords determining a value of 𝐸𝛼.  Lyon 
(1997) introduced another accurate approach based on the asymptotic expansion of the 
exponential integral (Lyon, 1997) as follow (see Chapter 8, Appendix IV, for details): 
 
𝐸𝛼,𝑖 = −𝑅 (
𝑑(𝑙𝑛𝛽)
𝑑(1 𝑇𝛼,𝑖)⁄
+ 2𝑇𝛼,𝑖) (5.9) 
 
The evaluation of 𝐸𝛼 involves obtaining the slope and the intercept of a straight line that results 
from plotting ln(𝛽) versus the reciprocal temperature 1 𝑇𝛼,𝑖⁄ .  While some errors may arise as 
a consequence of the simplification of the temperature integral I(E, T) in Equations 5.7 to 5.9, 
these errors are quite minor for the values of 
𝐸𝛼
𝑅𝑇
 of 56-83, as it will be clear from subsequent 
results and from derivations placed in supplementary information of Chapter 8.   
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Finally, in addition to linearised models of KAS, Starink and Lyon, one can also apply a non-
linear numerical error-minimisation, and compare the findings with those obtained from the 
three other integral methods.  Equation (5.7), applied for n heating rates at a given conversion, 
leads to: 
 
𝑔(𝛼) =  
𝐴𝐸𝛼
𝛽1𝑅
 𝐼(𝐸𝛼, 𝑇𝛼,1) =  
𝐴𝐸𝛼
𝛽2𝑅
 𝐼(𝐸𝛼, 𝑇𝛼,2) = ⋯ =  
𝐴𝐸𝛼
𝛽𝑛𝑅
 𝐼(𝐸𝛼, 𝑇𝛼,𝑛) 
 
(5.10) 
Consequently, the complete expansion and rearrangement of Equation 5.10 result in the final 
nonlinear Equation 5.11, in which the thermal integral term I(E, T) can be estimated using the 
nonlinear approximation of fourth order (Senum and Yang, 1977):  
 






= min (5.11) 
 
We denote this isoconversional approach as the SYV (Senum, Yang and Vyazovkin) method.  
By substituting β values of 5, 10, 15, 20 °C min
-1 used in the current work and the corresponding 
Tα, the activation energy can be determined at any particular α when Equation 5.11 attains a 
global minimum.  As we performed no replicate experiments at each heating rate, the subscripts 
i and j refer to the number of heating rates; i.e., both indices run from 1 to 4, except for j=i.  
Had we included repeated trials, the subscripts would have varied from unity to the total 
number of experiments.  Equation 5.11 is applied separately at each level of conversion; i.e., 
from 5 to 95 %.  We calculated the standard error of three-sigma based on the figures computed 
from the four integral methods (i.e., KAS, Starink, Lyon and SYV).  The supplementary 
information in Chapter 8, Appendix IV, contains the complete derivations of all equations 
mentioned above. 
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5.4.2 The isoconversional-based pre-exponential factor  
 
Evaluation of the isoconversional pre-exponential factor (Aα) from the isoconversional 
activation energy (Eα) invokes the so-called compensation effect (Vyazovkin et al., 2011).  This 
approach depends on the computation of many kinetic triplets (Ei, Ai and gi(α)) over a wide 
range of ideal kinetic models (Table 5.1).  This follows from the integral analogue of Equation 













At a constant β, the slope (𝐸𝑖 𝑅⁄ ) and the y-intercept ln(𝐴𝑖𝑅 𝛽𝐸𝑖⁄ ) of the plot of [ ln g𝑖(𝛼) 𝑇𝛼
2⁄ ] 
versus (1 𝑇𝛼⁄ ) enable the estimation of Ei and Ai.  The function gi(α) can be calculated from a 
list of different kinetic models (Table 5.1).  The plot of Ei vs lnAi at for different heating rates 
and different kinetic models (gi(α)) will produce a straight line: 
 
ln𝐴𝑖 = 𝑎𝐸𝑖 + 𝑏 (5.13) 
 
Then, knowing a and b, one can obtain lnAα from Eα, as follows: 
 
ln𝐴𝛼 = 𝑎𝐸𝛼 + 𝑏 (5.14) 
 
Estimation of lnAα enables the calculation of the effective thermodynamic entropy and enthalpy 
of the activation complex as shown below ( Vlaev et al., 2008):  
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∆𝐻𝛼
‡ =  𝐸𝛼 − 𝑅𝑇𝛼 (5.15) 
 
∆𝑆𝛼
‡ =  𝑅 [𝑙𝑛 (
ℎ𝐴𝛼
𝑘𝐵𝑇𝛼
) − 1] 
(5.16) 
 
where, h and kB are the Planck and Boltzmann constants. 
 
Finally, one can also express the compensation effect between entropy and enthalpy of 
activation by the following equation: 
 
∆𝐻𝛼




where, Tkin denotes the so-called isokinetic temperature.  The constant a in Equation 5.17 




where the factor of 1000 converts kJ to J, as normally Eα is expressed in kJ. 
 
 
5.5.  Results and Discussion 
 
5.5.1 Kinetic and conversion rate curves  
  
The curve of α versus T (i.e., Fig. 5.1) and the procedure described in Section 5.3.1 provide the 
required data for the kinetic analysis of the reaction.  Figure 5.2 displays the variation of the 
degree of conversion (α) and the reaction rate (dα/dT) as a function of temperature at heating 
rates of 5, 10, 15 and 20 K min-1.  One readily observes in the figure that, the temperature at a 
constant degree of conversion increases at faster heating rates.  





Figure 5.2. Variation of the degree of conversion (a) and the rate of transition (b) as a function 
of temperature. The particle size (d80) of the tested α-spodumene concentrate corresponds to 
315 µm. 
 
The variation of α exhibits a sigmoidal behaviour (S-shape) that is typically associated with 
Avrami – Erofeev kinetics (i.e., codes A4, A3 and A2 for the models in Table 5.1), in an 
isothermal heating process (Dollimore et al., 1996).  However, under nonisothermal conditions,  
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both k(T) and f(α) in Equation 5.2 vary simultaneously with T and α, shifting the sigmoidal 
curve to the right; i.e., to higher temperatures (Vyazovkin et al., 2011).  Figure 5.2b illustrates 
a single peak in the rate of conversion, albeit with the maximum reaction rate decreasing at 
steeper temperature ramps.  While one can attempt to fit Equation 5.4 to the measurements 
presented in Fig. 5.2b, by simultaneously adjusting A, E and f(α), this approach normally yields 




5.5.2 Isoconversional activation energy (Eα) 
 
As discussed earlier in Section 5.4, the determination of isoconversional activation energy (Eα) 
by the integral methods relies on Equations 5.8, 5.9 and 5.11.  Figure 5.3 displays the 
parametric plots of Equations 5.8 and 5.9 for the accurate KAS, Starink and Lyon’s approaches, 
with each pane comprising plots for the points extracted from Fig. 5.2.  We selected the degree 
of conversion to fall within a window of 0.05 – 0.95 with intervals of 0.05.  For all tested 
methods, the plots exhibited the minimum correlation coefficient (R2) of 0.99.  
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Figure 5.3. Parametric plots of (a) and (b) ln(𝛽𝑖 𝑇𝛼,𝑖
𝐵⁄ ) versus 1 𝑇𝛼,𝑖⁄  for (KAS) and (Starink) 
methods, and (b) ln(𝛽) versus 1 𝑇𝛼,𝑖⁄  for (Lyon).  The particle size (d80) of the tested α-
spodumene concentrate is 315 µm. 
 
In addition to KAS, Starink and Lyon’s approaches, we have also employed the numerical 
method of Senum, Yang and Vyazovkin (SYV, see Appendix IV in Chapter 8 for more details).  
Table S5.1 of Chapter 8 presents the entire set of activation energies which are plotted in Fig. 
5.4.  As the symbol size exceed the scatter of the activation energy (3 σ corresponds to less 
than 0.8 kJ) derived from the four approaches, the plot includes no error bars. 
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Figure 5.4. Variation of activation energy (Eα) as a function of the degree of conversion (α) 
for the transformation of α-spodumene.  The reported Ea values reflect the averages of the 
estimates obtained from the KSA, Starink, Lyon and SYV methods with the three-sigma error 
over the entire interval 0.05 ≤ α ≤ 0.95 of less than 0.8 kJ.   
 
The variation in the activation energy displays a significant dependence on α decreasing 
hyperbolically over the entire α range of 0.05 ≤ α ≤ 0.95.  The strong dependence of the 
activation energy on the degree of conversion indicates a complex transformation mechanism 
that could involve parallel and serial reaction steps during the transformation process.  The 
complexity of the transformation of α-spodumene concurs with the measurements presented in 
Chapter 3.  In particular, the concave up trend of the activation energy decreasing with 
increasing α reflects the endothermic nature of the conversion reactions (Vyazovkin and Linert, 
1995), consistently with the reaction thermodynamics described in Chapter 4.  While the 
reaction curve of Fig. 5.2b depicts a single maximum, the monotonically decreasing Eα with 
increasing α (Fig. 5.4) indicates the presence of tandem reactions.   
 


















Degree of conversion ()
 Average E

Chapter: 5                                      Kinetics of nonisothermal transformation of α-spodumene (α-LiAlSi2O6)  
170 
The findings presented in Chapter 3 indicate that, the transformation process of α-spodumene 
occurs consecutively and sequentially; e.g., α-spodumene → β-spodumene in parallel to α-
spodumene → γ-spodumene → β-spodumene, and α-spodumene → β-quartzss→β-
spodumene.  Substantial variation of Eα supports the appearance of a multi-step mechanism 
affected by the overlapping the consecutive and parallel transitions.  These observations seem 
to contradict those of Moore et al. (2018) who argued for the constant (i.e., independent of 
temperature) ratio of two parallel reactions, i. e., α-spodumene → γ-spodumene + β-spodumene 
and γ-spodumene → β-spodumene as detected from the in-situ XRD analysis, and excluded the 
possibility of a more complicated mechanism, as suggested by the present observations.  
 
The current measurements of the kinetics of the transformation of α-spodumene yield a range 
of activation energies of 892 - 635 ± 0.6 kJ mol-1 for the conversion increasing from 0.05 to 
0.95.  Previous studies have reported the activation energy for the transformation of α-
spodumene as 750 and 800 kJ mol-1 (Botto and Arazi, 1975; Moore et al., 2018), respectively.  
Both of these values fall in the range of our calculations, but only at the beginning of the 
transformation process (i.e., small values of conversion α < 0.2).  Botto and Arazi, (1975) also 
reported a significantly smaller activation energy for the transformation of α-spodumene of 
290 kJ mol-1 at temperatures in excess of 930 ºC (T >1203 K).  For comparison, lithium 
aluminosilicate (LAS) glass systems, in the presence of nucleation agents such as TiO2 and 
ZrO2, show the activation energy for crystallisation for γ- and β-spodumene of 402 to 551 kJ 
mol-1 (Anmin et al., 2006; Dressler et al., 2011; Wurth et al., 2012).  This figure correspond to 
the activation energy of breaking of single Al-O and Si-O bonds (Anmin et al., 2006).  Thus, 
the activation energy of 290 kJ mol-1 seems unrealistically low. 
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The initial high value of Eα (e.g., at α = 0.05) appears to indicate that at least two Si-O bonds 
need to break simultaneously to initiate the transformation process.  This process may involve 
breaking off silica tetrahedra from the pyroxene chains in α-spodumene and recasting the 
tetrahedra to include both Si and Al atoms.  As an aluminium silicate, only Si-tetrahedra are 
present in α-spodumene, whereas γ- and β-spodumene include Si- and Al-tetrahedra, as they 
are both aluminosilicates.  Once this occurs, the breakage/distortion propagates through the 
neighbouring atomic arrangements, resulting in successive reorganisation of the highly ordered 
phase, with Eα continuously decreasing as the process proceeds.  The γ- and β-spodumene 
phases are relatively less ordered as compared to the parent α-spodumene.  The high initial 
activation energy in the order of a megajoule, displayed by systems aluminium silicates, stems 
not only from breaking of bonds but also from the motion of neighbouring atoms (Vyazovkin, 
2016; Putnis, 1992).  For instance, in quartz (SiO2), the Si-O bonds are structurally dependent, 
and their motion strongly depends on the motion of the connected Si-O bonds (Dove, 1997). 
 
 
5.5.3 Isoconversional pre-exponential factor (Aα) 
 
To obtain the values of the pre-exponential factor (Aα), we deploy the compensation between 
enthalpy and entropy of activation, as enunciated in Equations 5.12 – 5.16.  Fitting of non-
isothermal Coats-Redfern relationship (Equation 5.12) for kinetic models 1-13 of Table 1 and 
each of the four temperature ramps produces Figure 5.5.   
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Figure 5.5.  The compensation effect between enthalpy and entropy of activation cast as 
function of ln(Ai/min) versus Ei.  Table S5.3 (Chapter 8, Appendix IV) documents the complete 
data set of Ei and lnAi for models 1-13 of Table 5.1.  
 
The compensation line corresponds to lnA0 = a E0 + b, with the compensation parameters of a 
= 0.085 and b = 0.999.  By replacing E0 with Eα within the range of 625 to 892 kJ mol
-1, as 
illustrated in the figure, provides estimates of ln(Aα/min) between 54.1 and 76.8.  The isokinetic 
temperature, that is the temperature at which all Eα and Aα pairs yield the same reaction rate 


































Chapter: 5                                      Kinetics of nonisothermal transformation of α-spodumene (α-LiAlSi2O6)  
173 
 
Figure 5.6. Variation of the natural logarithm of the pre-exponential factor ln(Aα/min) as a 
function of the degree of conversion (α) for the transformation of α-spodumene.  The figure 
plots the average values of KSA, Starink, Lyon and SYV, the three-sigma errors are less than 
0.2, and hence not distinguishable within the symbol size. 
 
In comparison to the present values of ln(Aα/min) of 54.1 – 76.8, the only reported literature 
data point amounts to 70 min-1 (Moore et al., 2018); i.e., residing well within the window of 
our measurements.  As expected from the linear compensation effect, ln(Aα/min) decreases 
with increasing α, as this also implies diminishing activation energies.  This also means 
decreasing activation entropy, consistently with the progressing formation of γ- and β-
spodumene, as both minerals are characterised by larger lattice volume than α-spodumene (Li, 
1968; Li and Peacor, 1968; Liebau, 1985).  The entropy difference between the activation 
complex and the reactant (∆S‡) should decrease as reactants are progressively more disordered, 
as the reaction proceeds. 
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The ∆S‡ at the beginning of the reaction is relatively high (0.4 kJ mol-1 K-1) and it decreases 
gradually with decreasing ln(Aα /min) or increasing α.  At low values of ln(Aα/min) (i.e. below 
62 or α ≥ 0.3), ∆S‡ approaches 0.2 kJ mol-1 K-1.  The high values of ln(Aα/min), corresponding 
to the maximum values of ∆S‡ indicate that, the system is highly disordered in its transition 
state in comparison to the crystalline structure in the ground state.  This observation agrees 
with the reconstructive transformation that needs to take place between α-spodumene and other 
polymorphs.   
 
 
5.5.4 Kinetic predictions from isoconversional method 
  
The isoconversional method has a significant advantage in predicting quantities of practical 
significance, such as the time to achieve a conversion during the isothermal heating 
(Vyazovkin, 1996; Vyazovkin et al., 2011).  Knowledge of Eα(α) alone suffices for these 
calculations.  Should g(α) be available, Equation 5.18 provides an expression to calculate the 
time (tα) required to heat a sample at temperature (T0) to reach the specified conversion (α): 
 
𝑡𝛼 =  
g(𝛼)
𝐴𝛼𝑒𝑥𝑝(−𝐸𝛼 𝑅𝑇0⁄ )
  (5.18) 
 
Substituting for g(α) from Equation 5.7 yields the formula that depends only on E(α) under the 
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Figure 5.8 displays the variation of the degree of conversion of α-spodumene as a function of 
the heating time at constant temperatures, as obtained from Equation 5.19.  The kinetic 
calculation suggests about 154 min to achieve 97.5 % conversion at 1000 ºC, around 50 min at 
1025 ºC and about 17 min 1050 ºC.  In practice, the required time will be longer due to heating 
of the sample to the required temperature, especially in case of larger particle sizes.   
 
 
Figure 5.8. Isothermal prediction of the degree of conversion (up to α = 0.975).  The lines 
correspond to using a heating rate of 10 K min-1 in Equation 5.19 and Eα obtained from the 
numerical minimisation method (Vyazovkin, 1997; Vyazovkin et al., 2011).  The discrete 
points represent the results obtained from the XRD measurements based on the semi-
quantitative method of reference intensity ratio.  See text for more details.  The particle size of 
the α-spodumene concentrate for the isothermal heating measurements at 1000 ± 2 ºC is d80 = 
315 µm.  
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Figure 5.9 represents the results from the ex-situ XRD experiments, where specimens of 
concentrate of α-spodumene were heated to 1000 ± 2 ºC in a muffle furnace for between 0.5 
and 2.5 h, as indicated in the figure.  The particle sizes corresponded to d80 = 315 μm.  The 
semi-quantitative estimate of the degree of conversion originates from the method of reference 
intensity ratio that displays an associated error of about 20 %.  The specified duration of the 
ex-situ experiments involved heating up of the specimens.  Thus, one would expect smaller 
conversions of α–spodumene from these experiments than from a model based on well-defined 
DSC measurements and on the assumption of no induction time.  The XRD measurements 
presented in Figure 5.9 suggest a slow reaction at temperatures ≤ 1000 ºC.  This realisation is 
consistent with the thermodynamic results of Chapter 4.   
 
 
Figure 5.9. XRD analysis of the isothermal transformation of α-spodumene at 1000 ± 2 ºC for 
a different time from 0.5 – 2.5 h.  The particle size of the α-spodumene concentrate is d80 = 315 
µm.  
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In industry, the heating process of spodumene concentrates takes place in a rotary kiln that 
includes both the induction time and the operation under the isothermal condition (Chagnes 
and Światowska, 2015; Garrett, 2004; Peltosaari et al., 2016).  As our kinetic model does not 
account for the heating of the sample to attain the process temperature, conservatively, one 
may require the processing operation in the kiln to be twice as long as that predicted by the 
kinetic model.  Alternatively, one may supplement the present kinetic model with a heat-
transfer model to account for particle heating, to produce better estimates of the time required 
for the conversion process. 
 
 
5.6.    Conclusions 
 
This chapter has presented experimental measurements of comprehensive kinetics of the 
nonisothermal transformation of α-spodumene, from a series of differential-scanning 
calorimetric experiments at four heating rates (5, 10, 15 and 20 K min-1).  We deployed the 
isoconversional model together with accurate integral approaches to evaluate the temperature 
integral to obtain a precise estimate of isoconversional activation energy (Eα), to within 1 % (3 
σ).  This result is independent of a kinetic model.  The activation energy decreases from 635 to 
892 kJ mol-1 kJ mol-1, indicating a complex reaction mechanism that probably commences by 
the simultaneous breakage of two Si-O bonds followed by the reconstructive reorganisation of 
the entire mineral structure, involving the formation of Al-based tetrahedra in γ- and β-
polymorphs, in a slow process.  While the activation energy (Eα) suffices for predicting 
quantities of practical interest, we also obtained, from the compensation between entropy and 
enthalpy of activation, the model-independent frequency factor, ln(Aα/min), that varies between 
55 and 77, and calculated (in Appendix IV placed in Chapter 8) the actual kinetic model.  This 
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model does not trace any of the well-known ideal models indicating the complexity of 
spodumene conversion.  Our results do not support a simple first order model introduced by 
previous investigators.  Finally, we predict the time for conversion at constant temperature, 
with application to kiln operation in industrial processes and compare these findings with the 
semi-quantitative measurements obtained from ex-situ XRD measurements.  This comparison 
indicates to us the importance of accounting for the induction time in modelling the isothermal 
conversion of spodumene.  We suggest that future research needs to focus on building 
improved kinetic models that include the effect of amorphicity and impurities (especially 
quartz), as the reaction pathways depend on these two considerations.  We also suggest the 
development of a heat transfer model and its integration with the present kinetic model to obtain 
a veracious description of the calcination of spodumene concentrate in the kiln to help optimise 
this unit operation in lithium refineries to save energy. 
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Roasting of spodumene (LiAlSi2O6) with sodium sulfate and 











This chapter describes roasting of spodumene with additives to 
extract lithium.  It investigates the ability of CaO and/or Na2SO4 
to react with spodumene in less aggressive conditions than are 
typically in use… 
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6.1.    Abstract 
  
The prospective increase in lithium demand drives lithium extraction from mineral sources, 
predominantly spodumene (LiAlSi2O6).  The current production of lithium from spodumene 
involves calcination at high temperature and aggressive acid treatment.  We introduce two low-
temperature roasting methods (800 – 900 ºC) for recovering of lithium from spodumene.  
Roasting of spodumene with two additives (Na2SO4 and CaO) enhanced producing of the 
water-soluble LiNaSO4.  The extraction of lithium by this method attained 94 % at a roasting 
temperature and time of 882 ºC for 2 h with a spodumene/CaO/Na2SO4 mass ratio of 1:0.01:0.8.  
This method involves low temperature, environmentally sympathetic and possibly less 
expensive techniques to extract lithium from α-spodumene comparing with the currently 
applied sulphuric acid approach.  Roasting of spodumene with only CaO was effected the early 
transformation of α-spodumene to both β- and γ-spodumene.  The calcine with the mass ratio 
of spodumene/CaO of 1:0.1 showed high lithium extraction of 91 – 92 % after acid treatment.   
This method has a potential effect in reducing of the energy costs of the presently industrialised 
acidic method by lowering the energy requirements in the thermal treatment stage to achieve 
the structural transformation of α-spodumene        
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6.2.    Introduction 
 
 Naturally, spodumene exists in its α-spodumene structure, which is densely-packed and acid 
resistant.  After a high temperature calcination step at 1050 – 1100 ºC the resulting β-
spodumene is digested in concentrated sulphuric acid at 250 ºC for lithium recovery (Chagnes 
and Światowska, 2015; Garrett, 2004).  Consequently, the current industrial process is 
associated with high energy consumption during calcination at high temperatures and requires 
strong acid resistant equipment, high amounts of additives to neutralise the acidity and complex 
purification processes, which produce environmentally undesired wastes (Dlugogorski, 2018; 
Kuang et al., 2018).   
 
As an alternative to the strong acid process, roasting of α-spodumene concentrate with 
sulphates has been suggested to produce water-soluble lithium compounds (Arne and Johan, 
1941; Ellestad and Clarke, 1955; Hayes et al., 1950; Sternberg et al., 1946).  The use of gypsum 
CaSO4·2H2O and limestone CaCO3 to react with α-spodumene concentrate in a mass ratio of 
1:1.2 at 1100 – 1150 ºC for 2 – 3 h was discussed earlier in the 20th Century (Hayes et al., 1950; 
Sternberg et al., 1946).  In these studies, acids were not required to leach the calcines but due 
to the high roasting temperature and the small fraction of spodumene in the calcine, this 
approach was considered as not economically feasible (Dlugogorski, 2018).  Roasting of α-
spodumene concentrate with sulphates at lower temperature has been carried out at 1000 ºC in 
a Na2SO4 melt (Arne and Johan, 1941), but  the roasting process was problematic due to melting 
of sodium sulfate and the resulting damage to the burner of the kiln.  No significant extraction 
of lithium has been reported from the reaction of α-spodumene with sulphates at a temperature 
range of lower than 1000 ºC (Choubey et al., 2016).  However, 50 – 60 % of lithium was 
recovered from lepidolite (K(Li, Al)3(Al, Si)4O10(OH, F)2) after roasting with Na2SO4 at 850 
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ºC for 0.5 h followed by water leach at 85 ºC for 3 h (Luong et al., 2013).  At the same roasting 
temperature of 850 ºC (i.e., below the melting point of Na2SO4 of 884 ºC (Schroeder and Kvist, 
1968)), the lithium extraction was significantly increased to around 86 % by adding CaO at 
amass ratio of 1:0.5:0.1 lepidolite/Na2SO4/CaO (Yan et al., 2012).  However, it has been 
suggested that the role of CaO is to capture the fluoride ions liberated during the calcination 
process by forming calcium difluoride CaF2 (Luong et al., 2014; Yan et al., 2012).     
Our current work aims to develop lithium extraction from spodumene concentrate at 
temperatures of 800 – 900 ºC, which is lower than the normal transformation temperature of α-
spodumene and similar or slightly below the melting point of Na2SO4. Na2SO4, CaO or the 
combination of both are tested.  In this study, we will investigate the most important parameters 
of the roasting process to optimise lithium extraction.  Specific emphasis is on the formation 
of water-soluble lithium compounds during roasting and the reduction of roasting temperature 
through the addition of CaO.       
  
 




In the current study, we used a bulk spodumene concentrate (> 7.5 % Li2O) that was supplied 
by Talison Lithium Pty Ltd Greenbushes, Western Australia (as described in detail in Chapter 
3).  The bulk concentrate (d80 = 315 µm) was pulverised in a Retsch RM 200 mortar grinder.  To 
homogenised the sample, we split and mixed the finely ground for several times using the ICAL Syntron 
TC6 rotary splitter.  The Macrotrack3500 laser diffraction analyser facilitated the measurement 
of the particle size distribution.  The d80 of the ground sample was 60 µm after the grinding 
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course.  The XRD analysis indicated that the sample is composed of α-spodumene and α-quartz 
(Fig. 6.1).  An analytical grade of CaO and Na2SO4 of 99 % minimum purity (Ajax Fine Chem 
– Thermo Fisher Scientific/Australia) were used in the roasting processes.  
  
 
Figure. 6.1 XRD pattern of spodumene concentrate sample (d80 = 60 µm)  
 
 
6.3.2 Experimental methods 
 
Before roasting of spodumene with CaO and Na2SO4, we homogenised the mixed powders in 
a 450 mL ceramic crucible using a glass rod.  An amount of water equalling about 15 – 20 % 
of the total mass of the powder mixture was added to ensure good contact between the solid 
species (Vieceli et al., 2017).  The same procedure was applied for roasting of spodumene with 
only Na2SO4 or CaO.  The crucible with the mixture was dried at 70 ºC in an electric oven for 
3h, removed, covered in aluminium foil and dried in a desiccator for 2h.  For roasting, we 
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placed the dried mixture in a 15 mL platinum crucible and heated in a MODU-TEMP electric 
muffle furnace during the ramp up and for 2 h at the desired temperature.  The effect of different 
variables, including the roasting temperature, roasting time and spodumene/additive mass 
ratios on the lithium extraction were investigated.  After cooling to room temperature in a 
desiccator for 3 h, we ground the calcine in an agate mortar to pass through a -75 µm sieve.  
The leaching process involved mixing of 1.5 g of the ground calcine in 150 mL of milli-Q 
water at a temperature of 50 ºC for 2 h in a solid to liquid ratio S/L ratio of 1:100.  The 
temperature controlled magnetic stirrer hotplate (wise Stir MSH-30D) facilitated heating of the 
mixture.  For stirring, we used a magnetic stirrer bar with a pivot ring to reduce friction.  The 
AAS instrument quantitated the lithium content in the leach solutions.  Leach residues were 
dried in an electric oven at 70 ºC for 20 h and cooled in a desiccator for XRD analysis.  Feed, 
calcines and residual materials were completely digested in 98 % sulphuric acid and 48 % 
hydrofluoric acid (Brumbaugh and Fanus, 1954) and then analysed by AAS to establish lithium 
mass balance for the calcination and leaching process.  The lithium content in the feed 
spodumene concentrate was originally determined by the supplier, Talison Lithium Limited, 
and, within error, duplicated analysis at Murdoch University yielded the same lithium 
concentration.  The conditions shown in Table 6.1 were the same for all experiments in this 
study unless otherwise note and are thus referred to as the standard conditions throughout this 
chapter.  
 







Roasting stage 882 ± 2 2 -- 
Leaching stage 50 2 1:100 
* Roasting temperature and time are constant in all experiments except the ones used to optimise these parameters 
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In a separate experiment, a calcine resulting from the roasting of spodumene with CaO was 
ground to -75 µm and subjected to H2SO4 (98 %) treatment followed by water leaching under 
standard conditions (Table 6.1).  The acid treatment was performed with 40 % excess of H2SO4 
over the stoichiometric amount for the reaction of H2SO4 with spodumene and CaO (Ellestad 
and Milne, 1950; Sitando and Crouse, 2012).  The acidic pulp was prepared by mixing of 1.47 
g calcine and 0.4 mL H2SO4. 
 
 
6.3.3. Analytical methods 
 
X-ray analysis of the finely ground sample, calcines and leach residues was conducted at 
Murdoch University using a GBC Enhanced Multi-Material Analyser with a Cu Kα radiation 
in a 2θ range of 5 to 60º, with a step size of 0.01º and data collection time of 1 s per step at 35 
kV and 28 mA.  Peak positions were calibrated using a silicon (Si; 2θ =28.46º) single crystal.  
For clarity, only the 2θ range from 10 – 52º is presented in figures.  The abundance of the 
phases in XRD was assessed by inspecting peak intensities.  Match! software was used for 
phase identification.  Atomic absorption spectroscopy (AAS; Agilent Technologies – 55 AA 
Atomic Absorption Spectrometer) was used to measure lithium concentration in solutions.  A 
burning gas mixture of Acetylene – Air, absorbance mode and a lithium hollow cathode lamps 
with a wavelength λ of 670.8 nm (PHOTRON PTY. Ltd.) were used for analysis.  Calibration 
was based on 1, 2, 3, 4 and 5 mg L-1 standard solutions prepared from a 1000 mg L-1 stock 
solution and the linearity correlation coefficient (R2) of the calibration curve was between 0.990 
and 0.998.  The lithium extraction was calculated as the amount of lithium in the leachate 
divided by the total amount of lithium in feed multiplied by 100 %.  
Lithium extraction = (lithium in leachate / lithium in feed) x 100 % (6.1) 
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6.3.4. Reproducibility experiments 
 
To assess the reproducibility of the extraction process, a preliminary experiment was repeated 
four times under the same conditions, i.e. spodumene/CaO/ Na2SO4 mass ratio of 1:0.6:0.6, 
roasting temperature of 822 ± 2 ºC, roasting time of 2 h, leaching temperature of 50 ºC, leaching 
time of 2 h and S/L ratio of 1:100 (w/v).  The results are as shown in Table 6.2. 
 
Table 6.2 Result of four repeat experiments for assessment of reproducibility of the extraction 
process.   
Sample Li extraction (%) from four similar experiments  
spodumene /CaO/Na2SO4 Run 1 Run 2 Run 3 Run 4 Average Error (%) 
1:0.6:0.6 56.8 61.6 58.7 58.2 58.8 4 
 
 The 2 σ standard deviation of these four repeats is 4 %, which indicates that the results are 
reproducible under the evaluated conditions.  This measurement is representative of all our 
experiments because the same reagents, temperatures and procedures are used. Consequently, 
all of the calculate recoveries are associated with a 2 sigma standard deviation of 4 % 
Lithium balances based on:  
m(Li)feed = m(Li)calcine 
m(Li)feed = m(Li)leachate + m(Li)leach residue  
were assessed for the same experiments to identify potential loss of lithium in the process 
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Table 6.3 Lithium balance after roasting and leaching stages  
Sample Lithium content (mg) 
spodumene 
/CaO/Na2SO4 
Feed  Calcine Residue Leachate 
1:0.6:0.6 6.2 ± 0.25 6.0 ± 0.24 -- -- 
 6.2 ± 0.25 5.9 ± 0.24 -- -- 
 6.1 ± 0.24 6.0 ± 0.24 -- -- 
     
1:0.6:0.6 9.5 ± 0.38 -- 3.8 ± 0.15 5.4 ± 0.22 
 9.3 ± 0.37 -- 3.2 ± 0.13 5.4 ± 0.22 
 9.4 ± 0.38 -- 3.3 ± 0.13 5.5 ± 0.37 
  
This demonstrates that, within analytical uncertainty, the lithium mass balance is closed and 
no significant loss of lithium occurs during calcination or the extraction process.  
 
 
6.4.   Results and Discussion 
 
6.4.1. Roasting of spodumene with Na2SO4  
 
To study the effect of Na2SO4 during spodumene roasting and on lithium extraction, calcination 
and water leaching were carried out under standard conditions (Table 6.1) except for varying 
of Na2SO4/spodumene mass ratios (w/w) of 0.0 to 0.8.  The comparison of XRD patterns of 
the heated spodumene at 882 ºC in Fig. 6.2a, b and the room temperature sample in Fig. 6.1 
shows that no significant changes occur during the heating of spodumene at this temperature.  
Spodumene, Na2SO4 and quartz are the dominant phases identified in the XRD patterns of the 
calcines, while few and small peaks of LiNaSO4 are observed (Fig. 6.2a).   
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Figure 6.2. XRD patterns of calcines, i.e. spodumene concentrate roasted with Na2SO4 for 2 h 
at 882 ± 2 ºC (a) and leach residues, i.e. calcines leached in water for 2 h at 50 ºC and a S/L 
ratio of 1:100 (b). RN denotes the mass ratio of Na2SO4/spodumene concentrate and Spd refers 
to spodumene concentrate without additives. 
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During water leaching Na2SO4 dissolves, leaving only α-spodumene and α-quartz in the 
residues as observed in the XRD patterns in Fig. 6.2b.  Figure 6.3 shows that only around 7 % 
of lithium is extracted and that the Na2SO4/spodumene mass ratios have no significant effect 
on the extraction of lithium under the tested conditions.  This indicates that roasting of 
spodumene with Na2SO4 at temperatures below or near the melting point of Na2SO4 is not 
efficient for producing water-soluble lithium compounds. 
 
Figure 6.3. Effect of Na2SO4/spodumene mass ratio on Li extraction after calcination at 882 
±2 ºC for 2 h and leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100.   
 
 
6.4.2. Roasting of spodumene with CaO 
  
To study the effect of CaO on the roasting of spodumene and the lithium extraction, 
experiments were carried out under standard conditions (Table 6.1) except for varying of 
CaO/spodumene mass ratios (w/w) of 0.0 to 0.8.  Fig. 6.4a, b compares the XRD patterns of 
the calcines and residues.   




























/Spodumene mass ratio (R
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)
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Figure 6.4. XRD patterns of calcines, i.e. spodumene concentrate roasted with CaO for 2 h at 
882 ± 2 ºC (a) and leach residues, i.e. calcines leached in water for 2 h at 50 ºC and a S/L ratio 
of 1:100 (b). RC denotes the mass ratio of CaO/spodumene concentrate and Spd refers to 
spodumene concentrate without additives.   
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Figure 6.4a illustrates that the structure of α-spodumene changes to adopt mainly β- and γ-
spodumene structures during roasting with CaO.  Peaks of Ca(OH)2 are present in all calcines 
to which CaO has been added due to hydration of CaO to Ca(OH)2.  A minor amount of CaSiO3 
is present in the calcines, possible due to a reaction between quartz and CaO.  The XRD 
measurements of the calcines show no clear reaction between spodumene and CaO but the 
conversion of α-spodumene to β- and γ-spodumene occurs at a lower temperature in the 
presence of CaO.     
 
At temperatures below 900 ºC, the transformation of α-spodumene was observed in our slow 
heating in-situ XRD measurements (Chapter 3).  The transformation occurred via formation of 
γ-spodumene which was subsequently transformed to β-spodumene at elevated temperature, 
i.e., above 1045 ºC.  The presence of γ-spodumene in those measurements was governed by 
kinetic effects.  The effect of CaO on the crystallisation kinetics of both β- and γ-spodumene 
solid solution in the lithium aluminium silicate (LAS) glass systems have been documented in 
previous work (Wang et al., 1987).  For instance, it has been shown that increasing CaO content 
from 5 % to 9 % in a LAS glass reduces the activation energy of the crystallisation of β-
spodumene from 249 to 152 kJ mol-1 (Wang and Hon, 1992).  Therefore, it is likely that CaO 
affects the kinetics of the spodumene phase transformation leading to γ- and β-spodumene 
formation at a lower temperature.   
 
By water leaching, peaks of the transformed phases (β- and γ-spodumene) do not change, while 
Ca(OH)2 peaks decrease due to the solubility of this phase in water.  Water leaching of the 
calcines resulting from the roasting of spodumene with CaO at the standard conditions (Table 
6.1) result in lithium extraction of below 5 % (Fig. 6.5).  
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Figure 6.5. Effect of CaO/spodumene mass ratio on Li extraction after calcination at 882 ±2 
ºC for 2 h and leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100.  
 
This demonstrates that roasting of spodumene with CaO alone followed by water leaching is 
not a promising approach for extract lithium from spodumene as neither β- nor γ-spodumene 
are water soluble. 
 
 
6.4.3 Extraction of lithium from the calcined mixture of spodumene-CaO via acid 
treatment  
 
The preceding results for calcination of spodumene with CaO show transformation of α-
spodumene to mainly β-spodumene and γ-spodumene at a relatively low temperature of 882 ± 
2 ºC.  As no water-soluble phases form during roasting, digestion in sulphuric acid was studied.  
A CaO/spodumene mass ratio of 0.1 was used for calcination at 882 ± 2 ºC for 2 h, followed 
by digestion in 98 % H2SO4 at 300 ºC for 1 h and leaching of the acid roasted material by water 
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at 50 ºC for 2 h. The XRD patterns of concentrate, calcine and sulphuric acid leach residue are 
presented in Fig. 6.6.  
 
 Figure 6.6. XRD patterns of (a) the spodumene concentrate at room temperature, (b) the 
calcine of spodumene and CaO in a mass ration of 1:0.1 and (c) the residue material after 
roasting the calcine with H2SO4 at 300 ºC for 1 h and leaching the acid roasted material by 
water.  The leaching temperature and time are 50 ºC and 2 h, and the S/L is 1:100.  
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At a CaO/spodumene mass ratio of 0.1 the calcine is fully converted to β-spodumene and γ-
spodumene (Fig. 6.6b). The sulphuric acid leach residue (Fig. 6.6c) is dominated by keatite 
(HAlSi2O6) and a lithium extraction of 91 ± 4 % is achieved. 
 
 
 6.4.4. Roasting of spodumene with CaO and Na2SO4  
 
6.4.4.1. Effect of the Na2SO4/spodumene mass ratio in presence of CaO 
  
To investigate the effect of Na2SO4 on roasting of spodumene and the lithium extraction in 
presence of CaO, experiments were performed to roast α-spodumene concentrate with Na2SO4 
at different mass ratios of 0.0 to 1.  Other conditions were constant as follows: CaO/spodumene 
mass ratio of 0.2, roasting temperature of 882 ± 2 ºC and roasting time of 2 h.  The leaching 
conditions were also constant at leaching temperature and time of 50 ºC for 2 h and S/L of 
1:100.  Figure 6.7b shows that α-spodumene has decomposed during calcination and, instead, 
lithium sodium sulphate (LiNaSO4) is observed as the main lithium compound.  Other phases 
including nepheline (NaAlSiO4), melilite (CaNaAlSi2O7), calcium silicate (CaSiO3) and 
unreacted Na2SO4 are also present in the calcine (Fig. 6.7b).  The suggested reactions are 
documented in Chapter 8, Appendix V).  
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Figure 6.7. XRD patterns of spodumene concentrate at room temperature (a), calcines, i.e. 
spodumene concentrate roasted with CaO and Na2SO4 for 2 h at 882 ± 2 ºC (b) and leach 
residues, i.e. calcines leached in water for 2 h at 50 ºC and a S/L ratio of 1:100 g mL-1 (c). The 
CaO/spodumene ratio is constant at 0.2 and RN denotes the mass ratio of NaSO4/spodumene 
concentrate.  
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The XRD pattern of the leach residues (Fig. 6.7c) show that LiNaSO4 and Na2SO4 have 
dissolved during water leaching, while NaAlSiO4, CaNaAlSi2O7 and CaSiO3 persist in the 
residue.  The lithium extraction for the different Na2SO4/spodumene ratios of 0.0 – 1 are shown 
in Fig. 6.8.      
 
 
Figure 6.8. Effect of Na2SO4/spodumene mass ratio on Li extraction after calcination at 882 
±2 ºC for 2 h and leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100 g mL-1. 
CaO/spodumene mass ratio is constant at 0.2. 
 
Increasing the Na2SO4/spodumene mass ratio from 0.2 to 0.6 at constant CaO/spodumene mass 
ratio of 0.2 results in an increase of lithium extraction to about 80 ± 4 %, with a ratio of 0.8 
achieving the highest extraction of lithium of 84 ± 4 %.  Increasing the Na2SO4/spodumene 
mass ratio above 0.8 did not result in further improvement of lithium extraction.  Therefore, 
the optimum mass ratio of 0.8 is considered for the next experiments.  
 




























/Spodumene mass ratio (R
N
) 
 CaO/Spodumene mass ratio (R
C
)= 0.2
Chapter: 6                                      Roasting of spodumene (LiAlSi2O6) with sodium sulphate and calcium   




6.4.4.2. Effect of CaO/spodumene mass ratio in presence of Na2SO4 
 
To determine the effect of CaO on the lithium extraction in presence of Na2SO4, experiments 
were carried out at CaO/spodumene mass ratios (RC) of 0.1 – 0.005 with a constant 
Na2SO4/spodumene mass ratio of 0.8.  Other experimental conditions were kept constant as 
follows: roasting temperature of 882 ± 2 ºC, roasting time of 2 h.  The leaching conditions were 
also constant at leaching temperature and time of 50 ºC for 2 h and S/L of 1:100.  The XRD 
patterns of the calcine and the residues at different CaO/spodumene mass ratios (R= 0.1 – 
0.005) were compared with the pattern of RC = 0.2 as displayed in Fig. 6.9a and b.   
 
At CaO/spodumene mass ratio (RC) of 0.02 (and Na2SO4/spodumene of 0.8) the calcine is 
dominated by LiNaSO4, NaAlSiO4, CaNaAlSi2O7, CaSiO3 and Na2SO4.  Below RC = 0.02 no 
CaSiO3, CaNaAlSi2O7 whereas NaAlSiO4 and LiNaSO4 are the dominant phases.  At lower 
CaO/spodumene mass ratio of 0.005 some unreacted α-spodumene is observed.  The presence 
of NaAlSiO4, CaNaAlSi2O7 in the leach residues at RC ≥ 0.02, and the NaAlSiO4 at RC < 0.02 
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Figure 6.9. XRD patterns of calcines, i.e. spodumene concentrate roasted with CaO and 
Na2SO4 for 2 h at 882 ± 2 ºC (a) and leach residues, i.e. calcines leached in water for 2 h at 50 
ºC and a S/L ratio of 1:100 g mL-1 (b). The Na2SO4/spodumene ratio is constant at 0.8 and RC 
denotes the mass ratio of CaO/spodumene concentrate.  
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The lithium extraction at different CaO/spodumene ratios are as presented in Fig. 6.10.   
 
 
Figure 6.10. Effect of CaO/spodumene mass ratio on Li extraction after calcination at 882 ±2 
ºC for 2 h and leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100 g mL-1. 
Na2SO4/spodumene mass ratio is constant at 0.8.  
 
From Fig. 6.10, decreasing RC values result in increasing lithium extraction.  The maximum 
lithium extraction of 94 ± 4 % was obtained at a CaO/spodumene mass ratio of 0.01 at constant 
roasting temperature of 882 ± 2 ºC, roasting time 2 h, Na2SO4/spodumene mass ratio of 0.8 and 
the leaching conditions were constant at leaching temperature and time of 50 ºC for 2 h and 
S/L of 1:100.  Using of RC value of lower than 0.01 results in decreasing of lithium extraction 
to less than 80 %.  Therefore, the optimum mass ratio of CaO/spodumene of 0.01 is used for 
the following experiments.   
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6.4.4.3.   Effect of the roasting temperature 
   
The effect of the roasting temperature on lithium extraction was measured at temperatures 
between 600 to 1000 ºC.  The mass ratios of additives to spodumene were chosen based on 
maximum extraction of lithium in the previous tests, i.e. Na2SO4/spodumene = 0.8 and 
CaO/spodumene = 0.01.  Additive to spodumene ratios, roasting times of 2 h and leaching 
conditions were constant.  Figure 6.11a and b display the XRD patterns of the calcine after 
roasting at different temperatures for 2 h and of the leach residues after leaching in water for 2 
h at 50 ºC and a S/L ratio of 1:100, respectively.  
 
Figure 6.11a shows that both α-spodumene and the high temperature form of Na2SO4 (Na2SO4-
III) are present in calcines roasted at up to 800 ºC suggesting that reaction progress up to this 
temperature is limited.  LiNaSO4 can be first identified at 700 ºC, increases significantly at 800 
ºC and constitutes the only lithium-bearing phase in calcines resulting from roasting at 900 ºC 
and 1000 ºC.  The XRD patterns of residues in Fig. 6.11b show that both Na2SO4 and LiNaSO4 
dissolve during water leaching, leaving leach residues dominated by unreacted α-spodumene 
and nepheline at temperature below and above 800 ºC, respectively.  The low intensities of 
nepheline peaks at 1000 ºC could be due to the formation of glassy materials as reflected in 
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 Figure 6.11. XRD patterns of calcines, i.e. spodumene concentrate roasted with CaO and 
Na2SO4 for 2 h at different temperatures from 600 to 1000 ºC (a) and leach residues, i.e. 
calcines leached in water for 2 h at 50 ºC and a S/L ratio of 1:100 g mL-1 (b) The 
Na2SO4/spodumene and CaO/spodumene ratios are constant at 0.8 and 0.01, respectively. The 
room temperature pattern of the spodumene concentrate is shown for comparison. 
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The lithium recoveries resulting after calcination at different temperatures are illustrated in Fig. 
6.12.  
    
 
  Figure 6.12. Effect of roasting temperature on Li extraction after calcination for 2 h and 
leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100. The Na2SO4/spodumene and 
CaO/spodumene ratios are constant at 0.8 and 0.01, respectively. 
 
 
Figure 6.12 shows that under the above conditions roasting at 600 ºC or 700 ºC results in low 
lithium extraction which increase to 66 ± 4 % at 800 ºC.  The best lithium extraction of 94 ± 4 
% and 94.5 ± 4 % is achieved at 882 ºC and 900 ºC, respectively.  At higher temperatures of 
1000 ºC lithium extraction decreases to 86 ± 4 %, which may be due to the formation of a 
glassy phase encapsulating the leachable LiNaSO4 (see Fig. S6.1, Supplementary Information).   
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6.4.4.4.   Effect of the roasting time 
   
The effect of the roasting time on lithium extraction was investigated at roasting times from 
0.5 h to 3 h.  The ratios of additives to spodumene mass ratios were chosen based on maximum 
extraction of lithium in the previous tests, i.e. Na2SO4/spodumene = 0.8 and CaO/spodumene 
= 0.01, roasting temperature of 882 ± 2 ºC and leaching conditions were constant.  Fig. 6.13 
shows the variation of the lithium extraction with roasting time. 
 
 
   Figure. 6.13. Effect of roasting time on Li extraction after calcination at 882 ± 2 ºC and 
leaching in water for 2 h at 50 ºC and a S/L ratio of 1:100. The Na2SO4/spodumene and 
CaO/spodumene ratios are constant at 0.8 and 0.01, respectively.  
 
Figure 6.13 indicates that roasting of spodumene with optimised amounts of CaO and Na2SO4 
and at optimised temperature of 882 ± 2 ºC can yield significant lithium extraction of 80 ± 4 % 
after only 0.5 h.  The extraction of lithium increases with roasting time to reach a maximum of 
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94 ± 4 % at 2 h, while heating for 3 h does not increase lithium yield any further.  Therefore, 
under optimised conditions 2 h is the best roasting time for high lithium extraction. 
 
 
6.5.   Suggested Low Temperature Techniques for Spodumene Processing 
 
6.5.1. Multiple additives roasting-water leach technique 
 
Based on the above results, a low temperature method for lithium extraction from α-spodumene 
is proposed as outlined in Fig. 6.14.   
 
Figure 6.14. Flowchart of the suggested process for the roasting and leaching of spodumene 
concentrate.  
 
Firstly, α-spodumene is milled to between 60 µm and 120 µm , mixed with CaO and Na2SO4 
and 15 – 20 % water by mass is added to ensure intimate contact between concentrate and 
additives.  The mixture is then dried and calcined at temperatures around the melting point of 
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substitution of Li+ with Na+ ions.  Lithium is then extracted via water leaching at 50 ºC for 2 h 
and pregnant leach liquors are separated from environmentally benign residues consisting of 
nepheline (NaAlSiO4) by filtration. 
   
The previous patents for reacting spodumene with sulfates included roasting of spodumene 
with an excess of a Na2SO4 melt at 1000 ºC (Arne and Johan, 1941) or calcining of spodumene 
with lime and gypsum additives at 1100 ºC (Hayes et al., 1950; Sternberg et al., 1946).  
Comparing to these patents, the proposed process lowers the roasting temperature to 882 ºC 
and reduces the amount of additives.  Roasting temperature of 882 ºC, i.e. below the meting 
point of Na2SO4, make it possible to carry out calcination in commonly used  rotary kilns 
(Chagnes and Światowska, 2015; Peltosaari et al., 2016).  The optimised calcination process 
requires mass ratios of 1:0.01:0.8 for spodumene/CaO/Na2SO4 with the fraction of spodumene 
making up more than 55 %.  The required energy for the proposed roasting process of 
spodumene with additives is presented in Table 6.4, with thermodynamic data based on our 
previous thermodynamic work (Chapter 4) and HSC 7.1 software.  The enthalpy change for 
the transformation of Na2SO4 is included in the estimated values.   
 
Table 6.4 The energy requirements for heating of spodumene with additives 
Compound Thermal energy  
(kJ kg-1) 
(25 – 882 ºC) 
Mass  
(%) 
Actual thermal energy 
(kJ kg-1) 
(25 – 882 ºC) 
Mechanical energy 
(kJ kg-1) 
Spodumene  1066 55.2 588.4 ~ 36a 
Na2SO4 1180 44.2 521.6 -- 
CaO 761 0.6 4.6 -- 
     
Total  100 % ~ 1115  






), where W is the grinding energy in kWh per tonne, Wi  is the spodumene working index in kWh per 
tonne which is 13.7 kWh t-1 (Bond, 1961) or 49.32 kJ kg-1, P and F are the particles sizes (d80) of the products 
(60 µm) and the feed (315 µm) respectively. 
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The total required energy for roasting spodumene with CaO and Na2SO4 at mass ratios of 
1:0.01:0.8 is approximately 1150 kJ per 1 kg of calcine or 2080 kJ per 1 kg of spodumene (i.e., 
1150 ÷ 0.552).  The minimum required energy for transformation of spodumene, as calculated 
in Chapter 4, is ∆HT = 1530 kJ kg
-1. The excess energy for roasting of spodumene with additives 
is thus around 36 % and additional cost of CaO have to be considered, while Na2SO4 would be 
cheaply available from lithium producers using the conventional sulphuric acid leach process.  
This energy penalty is offset by lower leaching temperatures and the cost reduction associated 
with using water instead of H2SO4 for leaching.  However, the comparison should include the 
required energy for roasting of β-spodumene from room temperature to 250 ºC (i.e., the applied 
acid roasting step in the industrial scale of spodumeme) which is about 230 kJ kg-1 (estimated 
from HSC 7.1 software).  Therefore, the minimum required thermal energy for calcination and 
roasting stages in the typical acid treatment process of spodumene is around 1760 kJ kg-1 (1530 
+ 230 kJ kg-1).  This reveals that the roasting of spodumene with additives requires only about 
18 % excess energy than the currently applied calcination-acid roasting route to reach the water 
leaching stage (i.e., before the stage of water leaching in both routes). 
 
  
 6.5.2 Lime roasting-acid treatment route 
 
The calcination of spodumene with CaO followed by acid treatment is outlined as an alternative 
route in Fig. 6.14.  The addition of small amounts of CaO results in the conversion of naturally 
occurring α-spodumene to both β- and γ-spodumene at lower temperatures and thus reduces 
the energy requirement of the calcination.  The roasting temperature is effectively lowered from 
1050 – 1100 ºC to 882 ºC at a roasting time of 0.5 to 2 h.  The fraction of spodumene in the 
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mixture used for this lime-spodumene calcination route is more than 90 %.  Table 6.5 
summarises the required energy for calcination of spodumene with CaO at 882 ºC. 
 
Table 6.5 The energy requirements for calcination of spodumene with only CaO. 
Compound Thermal energy  
(kJ kg-1) 
(25 – 882 ºC) 
Mass  
(%) 
Actual thermal energy 
(kJ kg-1) 
(25 – 882 ºC) 
Mechanical energy 
(kJ kg-1) 
Spodumene  1066 91 970 ~ 36 
CaO 761 9 68.5 -- 
     
Total  100 % ~1039  
 
The total required energy for roasting spodumene with only CaO in a mass ratio of 1:0.1 is 
approximately 1075 kJ per 1 kg of calcine or 1180 kJ per 1 kg of spodumene (i.e., 1075 ÷ 0.91).  
Compared to the minimum required energy for transformation of spodumene (i.e., ∆HT = 1530 
kJ kg-1 as calculated in Chapter 4), it is lower by about 23 %.  This reduction in energy is partly 
offset by the additional cost of CaO. 
 
 
6.6.    Conclusions 
 
This work investigates the effect of two types of additives (Na2SO4 and CaO) on the lithium 
extraction from α-spodumene resulting in two novel approaches for extraction of lithium from 
spodumene at lower calcination temperatures.  Heating of spodumene with Na2SO4 has no 
effect on the α-spodumene structure, while conversion to both γ- and β-spodumene was 
achieved in the lime calcination.  None of the resulting phases were amenable to water leaching 
resulting in lithium recoveries below 10 % but recoveries > 90 % were achieved after 
calcination with lime at lower temperature followed by sulphuric acid leaching. 
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A combination of CaO and Na2SO4 also increases recovery to > 90 %. Optimisation of process 
parameters shows the highest lithium extraction of 94 % using Na2SO4/spodumene mass ratio 
of 0.8, CaO/spodumene mass ratio of 0.01, roasting temperature of 882 ± 2 ºC for 2 h and 
leaching in water at S/L ratio of 100 mL g-1, leaching temperature of 50 ºC and leaching time 
of 2 h.  Analysis of the calcines and water leach residues showed that the reaction occurs via 
partial substitution between Li+ and Na+ ions to produce water-soluble LiNaSO4 and a nepheline 
(NaAlSiO4) residue. 
  
A processing flowchart is presented for both CaO and Na2SO4 roasting and the CaO and H2SO4 
route.  The former results in an overall energy penalty for calcining additional material and 
minor costs for additives but avoids the energy and cost required for sulphuric acid digestion 
by replacing it with a water leach under mild conditions.  The latter process results in minor 
additional costs for CaO but reduces the overall calcination energy. Subject to further 
optimisation both processes have great potential to improve the energy and cost of the current 
industrial process of recovering lithium from spodumene. 
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This chapter concludes the entire thesis, and directs 
to some remarkable recommendations for future 










This dissertation has described the transition reactions of spodumene, providing new and 
effective heating strategies.  By measuring the changes in the mineralogy of spodumene 
concentrate during the initial fast heating period followed by an extended interval of slow 
heating, and by experimenting with finally ground samples, with and without additives, we 
determined the reaction pathways and evaluated different calcination and roasting methods for 
improved conversion of α-spodumene.  Two samples, one relatively crystalline with particles 
of d80=120 µm heated slowly (i.e., 10 C min
-1) and the second amorphous sample, finely ground 
to d80=20 µm heated at between 30 and 50 ºC min
-1, yielded the same reaction pathway of α→ 
γ → β-spodumene.  The conversion of α-spodumene at 1050 ºC amounted to 30 – 35 % and 75 
– 85 % for the 120 and 20 µm particles, respectively.  For both samples, γ-spodumene appeared 
at an average temperature of 900 ºC.  This was the first new crystalline phase identified in the 
ex-situ (d80=20 µm) measurements, and its appearance in the spectra from the in-situ 
synchrotron XRD (d80=120 µm) measurement was associated with a clear decrease of 
amorphous background.  This demonstrates that, the formation of γ-spodumene is initiated by 
the re-crystallisation of amorphous phase.   
 
Calcination of the 120 µm concentrate at a fast initial heating rate of 100 ºC min-1 resulted in 
the formation of a new phase of β-quartz solid solution (β-quartzss) at 875 ºC, while the 
appearance of γ-spodumene was delayed to 1025 ºC.  Both β-quartzss and γ-spodumene 
converted to β-spodumene along two parallel reaction pathways of α → β-quartzss → β-
spodumene and α→ γ → β-spodumene.  Together with a direct conversion of α→ β-
spodumene, the total conversion of α-spodumene at 1050 ºC corresponded to 60 – 70 %.  Thus 
the results presented in the thesis described, for the first time, the effect of the amorphicity and 
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thermal history of the sample on the transformation reactions, suggesting an effective 
conversion strategy for α-spodumene that integrates the mechanical grounding with the thermal 
treatment.  Building on this newly gained understanding of the conversion reaction and on 
measurements of heat capacity, the thesis assesses the energy requirement of practical large-
scale kilns presently used in lithium refineries.  
 
The thesis also analyses the results from the high-temperature calorimetric measurements of 
bulk spodumene concentrate (d80=315 µm) for a temperature range of ~ 25 – 1200 ºC (298 – 
1473 K).  Two endothermic peaks appeared in the calorimetric traces, one corresponding to the 
rapid transformation of quartz at 570 ºC (843 K) within a narrow temperature window of 20 
ºC, and the second relating to the slow transformation of α-spodumene at 997 ºC (1270 K) in a 
relatively wide temperature range of 180 ºC.  Integrating the first peak, and comparing the heat 
absorbed for the transformation of quartz with the literature data for this phase change, allowed 
us to estimate the concentration of quartz in the spodumene concentrate as around 4 %.   
 
The initial, maximum and final temperatures of the transformation peak of spodumene amount 
to 936, 1066 and 1121 ºC (1209, 1339 and 1394 K), respectively.  The presence of quartz, of ~ 
4 wt. % displays negligible effect on the heat required for the phase change of spodumene 
concentrate.  Prior to the phase change, the calorimetric measurements yielded thermodynamic 
functions that agreed well with those available in handbooks (Robie and Hemingway, 1995).  
However, our work provided thermodynamic properties of spodumene during and after the 
transition, as these data were unavailable in literature.  The enthalpy change of the transition 
of quartz appears negligible (17.4 J mol-1), while that of α-spodumene amounted to 27,400 J 
mol-1of concentrate.  The thermodynamic properties served to perform an assessment of the 
minimum energy requirements for transformation of spodumene, yielding a figure of 1,530 kJ 
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kg-1of concentrate.  In comparison to the current industrial energy usage, this implies an excess 
of energy in the industrial process of more than 82 %, suggesting possible optimisation of the 
operation of industrial kilns.  The sluggish transformation of spodumene at high temperatures 
observed in calorimetric studies suggested complex reaction kinetics and significant activation 
barriers, leading us to undertake a detailed kinetic analysis.  
 
Previous studies adopted approaches that involved the fitting of kinetic models and deriving 
simultaneously the values of activation energy (Ea), pre-exponential factor (A) and the kinetic 
model itself.  Unfortunately, such approaches do not yield unique values of the thermodynamic 
triple (i.e., Ea, A and kinetic model).  This prompted us to employ the isoconversional analysis 
that yields estimates of activation energy as a function of the extent of conversion, with these 
estimates being independent of kinetic models.  A series of thermo-analytical experiments at 
different heating rates (5, 10, 15 and 20 K min-1) determined the dependency of the activation 
energy on the degree of conversion and afforded subsequent estimates of the pre-exponential 
factor.  The result shows that, both the activation energy and pre-exponential factor vary 
strongly with α.   
 
The calorimetric measurements confirm that, the reaction of the transformation of α-
spodumene does not represent a single step process of the first order, as previously reported.  
The isoconversional analysis revealed that, the activation energy decreased monotonically from 
892 to 635 kJ mol-1, with ln(Aα/min) declining from 77 to 55, with the latter trend expected 
from the compensation effect.  As the variation of the reaction rate with temperature displays 
one global maximum without pronounced shoulders, it appears that, consecutive reactions, 
rather than parallel reactions, govern the transformation process.  The isoconversional model 
facilitated prediction of the time required for calcination of spodumene at a constant 
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temperature.  While, we were unable to gain insights into detailed kinetic mechanisms that 
operate in phase transition of α-spodumene, our data demonstrate that, the conversion of α-
spodumene does not follow a single-step kinetic model of the first order. 
 
Earlier studies demonstrated that, a considerable extraction of lithium from spodumene 
concentrate is only possible after heating the concentrate for at least 30 min at 1000 ºC.  In 
practice, the transformation reaction of spodumene proceeds fast enough only at temperatures 
in excess of 1000 ºC.  In large-scale industrial processes, the calcination of spodumene 
concentrate takes place at temperatures of 1050 – 1150 ºC for up to 2 h.  As mentioned above, 
this is a highly energy-intensive operation. 
 
Therefore, the second strand of this thesis investigated the recovering of lithium from 
spodumene by roasting it at lower temperatures, i.e., in the range of 800 – 900 ºC by mixing 
spodumene with CaO and Na2SO4 additives.  Roasting of spodumene concentrate with only 
Na2SO4 followed by water leaching extracted less than 10 % of the total lithium content.  The 
residual aluminosilicate adopted the spodumene structure without a significant change.  
Likewise, the roasting of spodumene concentrate with CaO yielded the recovery of less than 5 
% with water leaching.  The structure of the calcine material and residual aluminosilicate 
showed the appearance of both γ- and β-spodumene.  
 
Simultaneous application of both CaO and N2SO4 increased the Li recovery to  94 %, compared 
to the limited extraction of 90 % without these additives, for the traditional sulfuric acid 
digestion process (Francis et al., 2018).  The subsequent processing avoided the digestion of 
the calcine with sulfuric acid, requiring only the water leach.  The process operates optimally 
for the following conditions: Na2SO4:CaO:spodumene mass ratio of 0.8:0.01:1.0, roasting 
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temperature and time of 882 ºC and 2 h, respectively, solid to liquid ratio of 1:100 (w/v), and 
the leaching temperature and time of 50 ºC and 2 h, in that order.  The solid to liquid ratio 
remains to be optimised.  The XRD analyses of the calcine and residue revealed the formation 
of the water-soluble salt of LiNaSO4.  The roasting step required 18 % more energy per tonne 
of processed spodumene.  While optimisation of kiln operation remained outside the scope of 
our investigation, as such optimisation needs to be performed for the entire refinery, not just 
for the kiln in isolation, and include changes to the kiln throughput and residence time of the 
feed, as well as removal of the acid-digestion step and adjustments to the purification stage. 
 
With respect to roasting α-spodumene with CaO alone, we obtained energy savings of about 
20 % in comparison to traditional calcining of spodumene, as the kiln can function at 800 - 900 
ºC rather than at 1100 ºC.  This process did not modify the leaching stage with the concentrated 
sulfuric acid, and operated at optimum for the ratio of spodumene:CaO of 1:0.1.  The extraction 
efficiency of lithium amounted to 91 %.  We observed no sintering of the reacting mixture; i.e., 
calcine preserved powdery nature of the feed material.  Investigation of the fate of calcium and 





The scientific studies included in this thesis stimulated a number of important research 
questions.  The following text discusses the recommendations for future research.  
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Combination of mechanical and thermal treatments of spodumene concentrate with particle 
sizes of d80=20 μm leads the transition reaction that favours the generation of γ-spodumene at 
1050 ºC.  This phase has the tetrahedrally-coordinated Al3+ and the less packed structure just 
like β-spodumene.  Furthermore, it shows high reactivity for lithium extraction in the standard 
strong acid treatment (Müller et al., 1988).  Developing a process for lithium recovery from γ-
spodumene may result in an important energy saving.  Practical energy assessment of the 
grinding step should be conducted to compare the energy requirements of this approach with 
that involving only the thermal treatment.  
 
The initial fast heating of the crystalline spodumene concentrate (d80=120 µm) showed the 
formation of β-spodumene at 925 ºC, reducing the energy of the calcination process, in 
comparison to slow heating of the feed.  It is therefore recommended to use the same approach 
to calcine the fine grain-size sample (d80=20 µm) to investigate its transformation behaviour, 
followed by a detailed energy assessment.  We also suggest to explore whether flash heating 
of ground concentrate offers advantages over kiln heating. 
 
Our calorimetric experiments investigated the thermodynamic and kinetic behaviours of a high-
grade spodumene concentrate with particle sizes of d80=315 µm.  The measurements enabled 
estimation of the energy requirement for the transformation of α-spodumene concentrate as 
1,530 kJ kg-1.  Reduction of the particle size (d80=20 µm from d80=120 µm) of the spodumene 
concentrate reduced the temperature for the complete conversion to β-spodumene, from around 
1200 to 1100 ºC without holding time.  While the reduction of the heating temperature 
translates into energy savings, the comminution of spodumene concentrate to such small 
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particles may offset the energy gain.  Therefore, we recommend developing an integrated 
energy assessment that includes the combined energy requirement of both heating and grinding. 
 
The fast initial heating of α-spodumene in our in-situ XRD experiments revealed a significant 
change in the reaction pathway because of the appearance of the solid solution phase that 
displays the β-quartz configuration, which subsequently increased the conversion of α-
spodumene at lower temperatures.  The development of a kinetic model, based on the 
isoconversional approach, should yield kinetic parameters of immediate practical importance.  
However, detailed understanding of the phase-transition reactions that operate during the 
thermal treatment of spodumene, especially the effect of amorphicity, can only come from 
detailed microscopic analyses supported by sophisticated quantum chemical modelling, such 
as those involving DFT (density function theory) formalism embedded in, say, VASP or DMol3 
software packages. 
 
Calcination of spodumene concentrate with CaO induced early transformation of α-spodumene 
at 882 ºC.  Further work on the thermodynamic assessment (similar to the approach 
documented in Chapter 4) should shed more insight into the economic feasibility of this 
strategy. 
 
Heating of spodumene concentrate with both CaO and Na2SO4 to improve Li recovery 
decreased the fraction of spodumene in the kiln to about 55 %, while the energy requirement 
increased only by 18 % per tonne of processed spodumene.  As this approach leads to the 
removal of the traditional sulfuric acid digestion step, one needs to perform a detailed study on 
the overall economics of the entire refinery that takes into consideration the increased cost of 
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thermal treatment of the feed (both capex and opex), less expensive downstream recovery of 
lithium due to removal of the acid digestion step and possible changes to the purification stage. 
 
Finally, we suggest to investigate a process that includes roasting of α-spodumene with a small 
amount of CaO additives followed by pressure leaching with a solution of Na2SO4.  Such a 
process may offer advantages over that of the present alkaline Na2SO4 pressure leach by 
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This chapter provides the required supporting data for 








Appendix I: Supporting Information of Chapter 2 
  
S2.1. Global lithium production from brines 
 
Table S2.1 presents the most common resources of lithium from brines based on the available 
literature data. 
 
Table S2.1 Resource of lithium from brines around the world.  The data was extracted from 
Vikström et al., (2013). 
Country Li wt.% Average estimated resources* 
(Mt) 
Argentina 0.04 – 0.09 5.20 
Bolivia 0.096 7.85 
Canada 0.01 1.06 
Chile 0.092 – 0.14 19.65 
China 0.03 – 0.097 3.70 
India 0.02 n. a 
Israel 0.02 2.00 
USA 0.004 – 0.038 47.49 
* Average value between the minimum and maximum estimated resources from the available data of 
different deposits for each country. 
 
 
S2.2. Lithium minerals 
 
Table S2.2 lists the major lithium minerals, including their respective chemical formula and 
the lithium content in percentage (Vikström et al., 2013).  
  




Table S2.2.  Different lithium minerals for lithium production.   
Mineral resources Minerals name Chemical formula Li wt. % 
Pegmatites Spodumene LiAlSi2O6 3.73 
 Lepidolite K(Li,Al)3(Si,Al)4O10(F,OH)2 3.58 
 Amblygonite LiAlPO4F 3.44 
 Jadarite LiNaSiB3O7(OH) 3.16 
 Petalite LiAlSi4O10 2.09 
 Zinnwaldite KLiFe2+Al(AlSi3O10)(F,OH)2 1.59 
    
Clays Hectorite Na0.3(Mg,Li)3Si4O10(OH)2 0.54 
 
 
S2.3. Global distribution of lithium minerals 
 
In this section, we present the most common resources of lithium from minerals which were 
collected from the available literature as presented in Table S2.3.  The data show the 
availability and distribution of spodumene around the world. 
 
Table 2.3. Distribution of lithium minerals around the world (Vikström et al., 2013).          
Minerals Country Number of 
deposits 
Largest deposit Average estimated 
resource (Mt)* 
Spodumene  Afghanistan 4 n.a n.a 
 Australia 3 Greenbushes 0.64 
 Austria 1 Koralpe 0.10 
 Brazil 1 Mibra/Minas Gerais 0.50 
 Canada 13 La Motte 1.22 
 China 3 Gajika 1.28 
 Congo 2 Manono 2.8 
 Finland 1 Lantta  0.35 
 Russia 8 Voronietundrovsko 0.47 
 Sweden 2 Jarkvissle 0.004 




 USA 2 North Carolina 7.33 
 Zimbabwe 3 Kamativi 0.452 
     
Lepidolite  China 2 Yichun 0.59 
 Russia 2 Etykinskoe 0.51 
 Spain 1 Mina Feli 0.005 
     
Petalite Brazil 1 Aracuai/Cachoeira 0.017 
 Canada 1 Separation Rapids 0.061 
 China 4 Lijiagou 0.102 
 Portugal 1 Barrosa 0.01 
 Namibia 1 Karibib 0.081 
     
Amblygonite Mali 1 Beugouni 0.03 
     
Jadarite Serbia 1 Jader Valley 0.95 
     
Other 
pegmatites  
Canada 7 FI 0.092 
 Russia 20 Kolmorzerskoe 1.29 
 USA 1 Bessemer City 0.42 
 Zimbabwe 1 Barkam 0.22 
     
Hectorite USA 1 McDermitt/Kings 
Valley 
2 
* Average value between the minimum and maximum estimated resources from the available data of 
different deposits for each country.   
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S3.1. Particle size distribution (PSD) 
 
Figure S3.1 displays the particle size distribution of the spodumene concentrate ground to d80 
= 120 µm; i.e., 80 % of particles by volume have diameters of less than 120 µm. 
 
Figure S3.1. Particle size distribution of concentrate of α-spodumene, used in most of the 
measurements performed in the present study. 
 
 
S3.2. Temperature calibration of high-temperature experiments performed at Australian 
Synchrotron (SHT-XRD) 
 
The calibration curve in Fig. S3.2 converts the set point temperature into the operational 
(actual) temperature imposed on the sample.  





Figure S3.2. Calibration curve of the hot air blower as provided by the scientists maintaining 
the Powder Diffraction Beamline at the Australian Synchrotron. 
 
 
S3.3. XRD reference patterns of pure spodumene and quartz phases 
 
This section presents the individual profiles of the spodumene phases as extracted from their 
database in Match! Software.  The software was provided with the relevant parameters of the 
unit cells, as illustrated in the legends to Fig. S3.3 (a-c).  We annotate the peaks with their 
crystallographic indices and the unique phase symbols, as used throughout the article.  





Figure S3.3. XRD patterns of the three spodumene polymorphs: (a) α-spodumene, (b) β-
spodumene, and (c) γ-spodumene.  The reference patterns of β-, α- and γ-spodumene were 
obtained from Cameron et al. (1973), Clark et al. (1969), and Li (1968), respectively. 
 
 
S3.4. Relative integrated peak areas of different phases 
 
Panes a to d of Figure S3.4 illustrate the relative integrated area of selected peaks for each 
phase as function of temperature, as normalised by the maximum area for each peak.  
 






Figure S3.4. Relative integrated peak areas of specific peaks for α-spodumene (a), β-
spodumene (b), β-quartz (c) and γ-spodumene (d).  The development of phases was monitored 
in situ from 800 – 1200 ºC in a step of 25 ºC. 
 
 
S3.5. Amorphous background in HT-XRD & SHT-XRD experiments 
 
This section provides XRD spectra from the in-situ synchrotron (SHT-XRD) and cathode-tube 









Figure S3.5a. Comparison of background intensities at temperatures of 800 °C, 911 °C and 
1045 ºC in SHT-XRD.  Note the decreasing background with increased temperature, suggesting 
the formation of γ-spodumene (see text) from the amorphous material. 
 
 
Figure S3.5b.  Comparison of background intensities at temperatures of 800 °C, 900 °C and 
1075 ºC in HT-XRD3. 




S3.6. Formation of β-spodumene in the SHT-XRD measurements 
 
Figure S3.6 depicts the formation of β-spodumene in the synchrotron XRD measurements after 
heating the spodumene sample (120 µm) at set-temperature of 1045 ºC for 34 minutes.   
 
 
Figure S3.6. Synchrotron XRD pattern at a set-temperature of 1045 ºC after 34 minutes shows 
the formation of β-spodumene along the pathway of crystalline α-spodumene → γ-spodumene 
→ β-spodumene.  
 
 
S3.7. Different heating rate (15 ºC min-1) of the HT-XRD2 experiment 
 
Figure S3.7 shows that, applying a fast initial heating rate (with the HT-XRD2 settings) results 
in earlier appearance of β-spodumene.  This indicates a lower energy barrier for the direct 
transformation of α to β-spodumene than for γ to β-spodumene. 
 





Figure S3.7. Two-dimensional XRD contour plots of spodumene concentrate at a heating rate 
of 15 C min-1.  The colour codes the intensity of peaks from dark blue (low intensity) to red 
(high intensity), for the range of 0 to 500 counts.  
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S4.1. Reproducibility of the DSC curve 
 
In this section, we provide the results of replicated calorimetric measurements performed on a 
Netzsch 449 STA F3 Jupiter apparatus, as shown in Fig. S4.1 and Table S4.1. 
 





Figure S4.1. Reproducibility of the DSC results including the main transition events of quartz 
at TP1 = 847 K and spodumene at TP2 = 1339 K.  The experiments involved a heating rate of 10 
K min-1 and concentrated samples of 31.5 ± 2.5 g.  The maximum difference of the heat flow 
values amounts to ± 2 mW above 1400 K reflecting an error of 4 % (2 σ). 
 
Table S4.1. Estimation of the corresponding errors of the characteristic temperatures and 
enthalpies.   
Quartz peak RUN 1 RUN2 RUN 3 Average Error ( 1 ) 
Characteristic temp. (K)      
Ti 841 838 837 839 2 
Te 845 843 842 843 2 
TP 848 847 847 847 1 
Tf 863 860 859 861 2 
∆Hmeasured
°  J mol-1 16.7 21.8 13.6 17.4 4 
      








































































Concentration of quartz (%) 3.7a 4.8 3.0 3.8 0.9 %                                        
∆H100%
°  J mol-1 439
b 574 358 460 110 
      
Spodumene peak RUN 1 RUN2 RUN 3 Average Error (1 ) 
Characteristic temp. (K)      
Ti 1,209 1,212 1,206 1,209 3 
Te 1,284 1,286 1,288 1,286 2 
TP 1,338.5 1,339.5 1,339 1,339 1 
Tf 1,392 1,394 1,396 1,394 2 
∆Hmeasured
°  J mol-1 27,342 27,200 27,600 27,400 200 
      
Concentration of Li2O (%)  7.6c 7.5 7.8 7.6 2 % 
Concentration of spodumene (%) 94.7d  93.4 97.2 95.1 2 % 
∆H100%
°  J mol-1 28,750
e  28,600 29,000 28,800 200 
(a) (Concentration of quartz)RUN1 = (∆Hmeasured
° / ∆Hstandard




×∆Hmeasured) ×100 % = (
1
3.8
×16.7) ×100 % = 439 J mol-1 
(c) Chemical composition analysis by AAS.  
(d) The concentration of spodumene is calculated based on the Li2O content in the sample (ex., 7.6 % Li2O equals 




×∆Hmeasured) ×100 % = (
1
95.1
×27342) ×100 % =  28,750 J mol-1; here we apply a  modal 
concentration of spodumene of 95.1 %, as obtained from the AAS measurements. 
 
Table S4.2 summarises he estimation of the content of quartz and spodumene based on the 
chemical analysis of spodumene concentrate, using a basis of 100 g of spodumene concentrate. 
 




Table S4.2. Estimation the content of quartz and spodumene in the bulk α-spodumene 
concentrate.  
Oxide wt. % Corresponding mineral wt. %  
Li2O 7.6 spodumene 94.7a 
Na2O 0.2 albite 1.7  
K2O 0.1 microcline 0.6 
Other impurities 0.3  0.3 
SiO2 2.7b quartz 2.7 
 
To check the amount of SiO2 




quartz 2.3 ± 0.6 (2 σ)c 
(a) Concentration of spodumene = [(7.6 186.09)/(0.5  29.88)], where 186.09 and 29.88 are the molecular mass 
of spodumene and Li2O, respectively.  The calculation is based on the Li2O concentration of 7.6 %.  The 
chemical formula of spodumene (LiAlSi2O6) contains a Li2O fraction of 0.5.  
(b) Concentration of quartz = [100 - ∑ (spodumene + albite + microcline + other impurities)]. 
(c) Concentration of quartz = [total amount of SiO2 (65 %) - ∑ (SiO2 contents in spodumene, albite and 
microcline)] 
 
The estimated average concentration of quartz from the elemental composition corresponds to 
2.5 ± 0.6 %, assuming that all Li reports to spodumene, all Na to albite and all K to microcline.  
This value falls slightly below that of the minimum concentration of quartz calculated from the 
DSC measurements (i.e., 3 %).  Because we did not detect albite and microcline by XRD, we 




concluded to approximate the modal content of concentrate, for the thermodynamic 
calculations, based on DSC measurements (Table S4.1), as quartz (i.e., 3.8 ± 0.9 %, or 4 %, for 
short) with the remainder as α-spodumene (96 %). 
 
 
S4.2. XRD patterns of the ambient and high-temperature spodumene concentrate 
This section presents the XRD patterns of spodumene sample of 120 µm before and after 
calcination at 1100 ºC for 30 min as shown in Fig. S4.2.  
 
Figure S4.2. Comparison of the XRD pattern of the initial spodumene concentrate and the 
calcined sample at 1100 ºC for 30 min.  The patterns were collected using a PANalytical X'Pert 
PRO XRD at the Australian Nuclear Science and Technology Organisation (ANSTO) with Cu 
Kα radiation in θ-2θ coupled mode with a step size of 0.03, a scan speed of 1.5 s per step, and 


































 spodumene at 25 C
 Calcined spodumene at 1100 C










Appendix IV: Supporting Information for Chapter 5 
  
S5.1 Standard Isoconversional Techniques 
 










) 𝑑𝑇 (S5.1) 













 𝑑𝑥 (S5.2) 









 𝑝(𝑥) (S5.3) 
Typically, one applies one of three series expansions to approximate the p(x) function, as 





1. Asymptotic series expansion: 
𝑝(𝑧) =  
exp (−𝑧)
𝑧2









) + ⋯ + (−1)𝑛 (
(𝑛 + 1)!
𝑧𝑛
) + ⋯ ] (S5.4) 





2. Schlömilch series expansion: 
𝑝(𝑧) =  
exp (−𝑧)
𝑧(𝑧 + 1)





(𝑧 + 2)(𝑧 + 3)
) − (
4
(𝑧 + 2)(𝑧 + 3)(𝑧 + 4)
) + ⋯ ] (S5.5) 
 
3. Lyon’s series expansion: 
𝑝(𝑧) =  
exp (𝑧)
𝑧(𝑧 − 2)






) + 𝑂(𝑧−4) + ⋯ ] (S5.6) 
 
In the subsequent test, we introduce four formalisms based on series expansions, comprising 
those of FWO, KAS (Kissinger, Akahira and Sunose), Starink and Lyon, followed by a 
numerical SYV approximation (Senum, Yang and Vyazovkin). 
 
 
1. FWO approximation (Flynn and Wall, 1966; Ozawa, 1965) 
 
This approximation is built upon a linear correlation between lnp(x) and x over a short range 
of x (i.e., linear approximation), introduced by (Doyle, 1961, 1962, 1965) 
ln𝑝(𝑥) = −𝐵 − 𝐶𝑥 (S5.7) 
where, B and C denote constants that are valid for fitting the linear correlation between lnp(x) 
and x within a particular range of x.  Flynn-Wall and Ozawa (FWO) (Flynn and Wall, 1966; 
Ozawa, 1965) deployed the Doyle correlation to approximate the thermal integral.  We start by 
taking the natural logarithm of Equation (S5.3): 






























For any heating rate (i.e., β=βi), there exists a particular temperature that corresponds to a 
specific α (i.e., T=Tα,i).  In the isoconversional method, the kinetic parameters are unique at 













− 𝐵] does not vary at particular βi and Tα,i.  From this, one can simplify Equation 
S5.11 to obtain the following expression:  





where, C corresponds to 1.052.  Hence, the plot of ln𝛽𝑖 versus 𝑇𝛼,𝑖
−1 gives Eα.  
 
 
2. KAS approximation (Kissinger, 1957; Akahira and Sunose, 1971)  
 
Since Doyle’s approach leads to a relatively large error, subsequent investigators introduced 
more accurate techniques to estimate the temperature integral.  In particular, Flynn (1983) and 
Agrawal (1992) applied a general p(x) to cover a wide range of x values: 




𝑝(𝑥) =  
𝑒𝑥𝑝(−𝑥) 
𝑥2
 [(1 − 2/𝑥)/(1 − 𝑚/𝑥2)] 
(S5.13) 
where, the parameter m relates to a specific approximation.  (Akahira and Sunose, 1971; 
Kissinger, 1957) further neglected the term (1 − 2/𝑥)/(1 − 𝑚/𝑥2) based on the approach of 
Coast and Redfern (Coats and Redfern, 1964).  As for spodumene x is in the order of 56 – 83, 
and m is zero for Coast and Redfern approach, we set the term in the square bracket to be unity.  
With these simplifications, Equation S5.13 becomes: 





Substituting p(x) from Equation S5.14 into Equation S5.8, and introducing the isoconversional 












− 𝑥 − ln𝑥2 
(S5.16) 
By substituting 𝑥 =
 𝐸𝛼
𝑅𝑇𝛼,𝑖  












3. Starink approximation (Starink, 1996, 2003)  
 
Starink (Starink, 2003) applied a similar approach with another approximation of p(x) (Starink, 
1996) as follows: 
𝑝(𝑥) ≅  








where, A, B and k assume constant values.  Starink has demonstrated that, A = 1.0008 and k = 
-0.312 and B = 1.92 prompts accurate approximation for high x values, as for the present case.  
Therefore, p(x) transforms to:  
𝑝(𝑥) ≅  




After substituting p(x) from Equation S5.19 into S5.8, carrying through the isoconversional 





















4. Lyon approximation (Lyon, 1997) 
 
Lyon (1997) on the other hand, solved the thermal integral function by admitting only the first 
term of Lyon’s expansion, which is the same as the first term of the asymptotic expansion of 
the Schlömilch series approximation; i.e., by setting  𝑝(𝑥) =  
𝑒𝑥𝑝(𝑥) 
𝑥(𝑥−2)








For simplification, substitute the “x” in the denominator as 𝑥 = −
𝐸𝛼
𝑅𝑇𝛼,𝑖
; note the minus sign 
that we keep here as used by Lyon in his original paper 
























Taking the natural logarithm of Equation S5.24 and rearranging gives: 
  ln𝑔(𝛼) = ln𝐴𝛼 − ln𝛽𝑖 − ln (
1
𝑇𝛼,𝑖
) − ln(2 − 𝑥) + 𝑥 
(S5.25) 
Let 𝑢 = (𝑇𝛼,𝑖





















Therefore, Equation S5.25 after becomes: 
ln𝛽𝑖 = 𝑐𝑜𝑛𝑠𝑡 − ln (
1
𝑇𝛼,𝑖















= a , Equation 5.27 becomes  
ln𝛽𝑖 = 𝑐𝑜𝑛𝑠𝑡 − ln (
1
𝑇𝛼,𝑖








Differentiating Equation S5.29 with respect to the reciprocal temperature (
1
𝑇𝛼,𝑖














− 𝑥) = −𝑇𝛼,𝑖 (1 −
𝑥
2−𝑥
− 𝑥) = −𝑇𝛼,𝑖 (2 − 𝑥 − 1 −
𝑥
2−𝑥
)   
𝑑(ln𝛽𝑖)
𝑑(1 𝑇𝛼,𝑖⁄ )








) can be neglected (i.e., small value), since x is in the order of 65 – 83.  Therefore, 
substituting 𝑥 = −
 𝐸𝛼
R𝑇𝛼,𝑖
, one obtains:  
𝑑(ln𝛽𝑖)
𝑑(1 𝑇𝛼,𝑖⁄ )
= −𝑇𝛼,𝑖(2 +  𝐸𝛼/R𝑇𝛼,𝑖 ) 
(S5.30) 














≫  2𝑇𝛼,𝑖 for the present results, plotting the natural logarithm of the heating rate (lnβi) 
versus the reciprocal temperature (1/Tα,i) at any particular α results in the isoconversional 
activation energy (Eα). 
 
 
5.  SYV optimisation (Senum and Yang, 1977; Vyazovkin, 1996) 
 
Vyazovkin (1996) applied approximation of Senum and Yang (1977) to develop a numerical 












𝐼(𝐸, 𝑇) (S5.32) 




 𝐼(𝐸, 𝑇) (S5.33) 
The general assumption for the isoconversional method is that the model of the reaction does 
not depend on the heating rate (β).  Therefore, the 𝑔(𝛼) is the same at different heating rates. 
Thus, for two heating rates β1 and β2, there are two temperature Tα,1 and Tα,2 for a specific value 




 𝐼(𝐸, 𝑇) =  
𝐴𝛼𝐸𝛼
𝛽1𝑅
 𝐼(𝐸𝛼 , 𝑇𝛼,1) =  
𝐴𝛼𝐸𝛼
𝛽2𝑅
 𝐼(𝐸𝛼, 𝑇𝛼,2) (S5.34) 
For n heating rates (i.e., n = 1, 2, 3, 4, …, n), Equation S5.34 will be: 




𝑔(𝛼) =  
𝐴𝛼𝐸𝛼
𝛽1𝑅
 𝐼(𝐸𝛼 , 𝑇𝛼,1) =  
𝐴𝛼𝐸𝛼
𝛽2𝑅
 𝐼(𝐸𝛼, 𝑇𝛼,2) = ⋯ =  
𝐴𝛼𝐸𝛼
𝛽𝑛𝑅
 𝐼(𝐸𝛼 , 𝑇𝛼,𝑛) (S5.35) 
Equation S5.35 can be written as: 
(1 𝛽1⁄ )𝐼(𝐸𝛼, 𝑇𝛼,1) = (1 𝛽2⁄ )𝐼(𝐸𝛼, 𝑇𝛼,2) = ⋯ = (1 𝛽𝑛⁄ )𝐼(𝐸𝛼, 𝑇𝛼,𝑛) (S5.36) 












= 1   (S5.37) 












= 2   (S5.38) 




































= 6   (S5.39) 
And for n heating rates, Equation S5.40 becomes: 






= 𝑛(𝑛 − 1) (S5.40) 
Experimentally, the right and left hand sides of Equation S5.40 are not exactly equal.  
Therefore, the correct Eα values are those that minimise the differences between both sides of 
Equation S5.41, as follows 








The subscripts i and j denote the number of performed experiments that include different 
heating rates and replicates.  If an experimental program comprised no repeat, i and j denote 




stand for the number of heating ramps, only.  Each level of conversion calls for a separate 
application of Equation S.5.41. 
 
Equation S5.41 can then be simplified by applying the 4th order approximation of Senum-Yang 








𝑥4 + 18 𝑥3 + 86 𝑥2 + 96𝑥





S5.2. Complete Isoconversional Kinetic Data 
 
This section assembles the variation of the isoconversional activation energy Eα and the natural 
logarithm of the pre-exponential factor lnAα with the degree of conversion α.  Different 
integrated methods served to obtain these variations and the corresponding standard error for 
3-sigma.  
   
Table S5.1. Isoconversional dependence of activation energy in kJ mol-1 of integral methods 
for α-spodumene concentrates transformation. 
α KAS Starink Lyon SYV Average 
value 
Standard 
error (1 σ) 
Standard 
error (3 σ)  
0.050 892.1 892.3 892.1 892.4 892.2 0.1 0.4 
0.075 840.9 841.0 840.8 841.1 841.0 0.1 0.4 
0.100 808.4 808.6 808.4 808.7 808.5 0.2 0.5 
0.125 784.0 784.3 784.0 784.3 784.1 0.2 0.5 
0.150 766.0 766.3 766.0 766.3 766.2 0.2 0.5 
0.175 753.2 753.4 753.1 753.5 753.3 0.2 0.5 
0.200 742.8 743.1 742.8 743.1 742.9 0.2 0.5 




0.225 734.3 734.6 734.3 734.6 734.4 0.2 0.5 
0.250 726.5 726.8 726.5 726.8 726.6 0.2 0.6 
0.275 719.9 720.2 719.9 720.2 720.1 0.2 0.6 
0.300 714.2 714.5 714.2 714.5 714.4 0.2 0.6 
0.325 709.0 709.3 708.9 709.3 709.1 0.2 0.6 
0.350 704.4 704.7 704.3 704.7 704.5 0.2 0.6 
0.375 700.1 700.4 700.0 700.4 700.2 0.2 0.6 
0.400 696.1 696.5 696.1 696.5 696.3 0.2 0.6 
0.425 692.3 692.7 692.3 692.7 692.5 0.2 0.6 
0.450 689.0 689.3 689.0 689.3 689.2 0.2 0.6 
0.475 685.8 686.2 685.8 686.2 686.0 0.2 0.6 
0.500 682.8 683.1 682.8 683.1 683.0 0.2 0.6 
0.525 679.8 680.2 679.8 680.2 680.0 0.2 0.6 
0.550 676.9 677.3 676.9 677.3 677.1 0.2 0.6 
0.575 674.1 674.4 674.0 674.4 674.2 0.2 0.6 
0.600 671.3 671.7 671.3 671.7 671.5 0.2 0.6 
0.625 668.7 669.1 668.7 669.1 668.9 0.2 0.6 
0.650 666.3 666.6 666.2 666.6 666.5 0.2 0.7 
0.675 664.0 664.3 663.9 664.3 664.1 0.2 0.7 
0.700 661.8 662.1 661.7 662.1 662.0 0.2 0.7 
0.725 659.5 659.8 659.4 659.8 659.6 0.2 0.7 
0.750 657.1 657.5 657.1 657.5 657.3 0.2 0.7 
0.775 654.7 655.1 654.7 655.1 654.9 0.2 0.7 
0.800 652.3 652.7 652.2 652.6 652.4 0.2 0.7 
0.825 650.0 650.3 649.9 650.3 650.1 0.2 0.7 
0.850 647.4 647.8 647.4 647.8 647.6 0.2 0.7 
0.875 644.8 645.2 644.8 645.2 645.0 0.2 0.7 
0.900 642.1 642.5 642.0 642.4 642.2 0.2 0.7 
0.925 639.0 639.4 639.0 639.4 639.2 0.2 0.7 








Table S5.2. Isoconversional dependence of ln(Aα/min) of integral methods for transformation 
of α-spodumene. 
α KAS Starink Lyon SYV Average 
value 
Standard 
error (1 σ) 
Standard 
error (3 σ) 
0.050 77.0 77.0 77.0 77.0 77.0 0.0 0.0 
0.075 72.6 72.7 72.6 72.7 72.6 0.0 0.0 
0.100 69.9 69.9 69.9 69.9 69.9 0.0 0.0 
0.125 67.8 67.8 67.8 67.8 67.8 0.0 0.0 
0.150 66.3 66.3 66.3 66.3 66.3 0.0 0.0 
0.175 65.2 65.2 65.2 65.2 65.2 0.0 0.0 
0.200 64.3 64.3 64.3 64.3 64.3 0.0 0.0 
0.225 63.6 63.6 63.6 63.6 63.6 0.0 0.0 
0.250 62.9 62.9 62.9 62.9 62.9 0.0 0.0 
0.275 62.3 62.4 62.3 62.4 62.3 0.0 0.0 
0.300 61.9 61.9 61.8 61.9 61.9 0.0 0.0 
0.325 61.4 61.4 61.4 61.4 61.4 0.0 0.0 
0.350 61.0 61.0 61.0 61.0 61.0 0.0 0.1 
0.375 60.6 60.7 60.6 60.7 60.7 0.0 0.1 
0.400 60.3 60.3 60.3 60.3 60.3 0.0 0.1 
0.425 60.0 60.0 60.0 60.0 60.0 0.0 0.1 
0.450 59.7 59.7 59.7 59.7 59.7 0.0 0.1 
0.475 59.4 59.5 59.4 59.5 59.4 0.0 0.1 
0.500 59.2 59.2 59.2 59.2 59.2 0.0 0.1 
0.525 58.9 58.9 58.9 58.9 58.9 0.0 0.1 
0.550 58.7 58.7 58.7 58.7 58.7 0.0 0.1 
0.575 58.4 58.5 58.4 58.5 58.4 0.0 0.1 
0.600 58.2 58.2 58.2 58.2 58.2 0.0 0.1 
0.625 58.0 58.0 58.0 58.0 58.0 0.0 0.1 
0.650 57.8 57.8 57.8 57.8 57.8 0.0 0.1 
0.675 57.6 57.6 57.6 57.6 57.6 0.0 0.1 
0.700 57.4 57.4 57.4 57.4 57.4 0.0 0.1 
0.725 57.2 57.2 57.2 57.2 57.2 0.0 0.1 
0.750 57.0 57.0 57.0 57.0 57.0 0.0 0.1 
0.775 56.8 56.8 56.8 56.8 56.8 0.0 0.1 




0.800 56.6 56.6 56.6 56.6 56.6 0.0 0.1 
0.825 56.4 56.4 56.4 56.4 56.4 0.0 0.1 
0.850 56.2 56.2 56.2 56.2 56.2 0.0 0.1 
0.875 55.9 56.0 55.9 56.0 56.0 0.0 0.1 
0.900 55.7 55.7 55.7 55.7 55.7 0.0 0.1 
0.925 55.4 55.5 55.4 55.5 55.5 0.0 0.1 
0.950 55.1 55.2 55.1 55.2 55.1 0.0 0.1 
 
 
S5.3 Calculation of Ei and lnAi 
 
In this section, we list the values for the kinetic triplets of Ei and ln(Ai/min) of different standard 
models for each heating rate.  The derivation of the solid-state standard models is widely 
discussed in the literature (Khawam and Flanagan, 2006). 
 
Table S5.3. The kinetic triplets (Ei, ln(Ai/min) and kinetic models) for each heating rate.  The 
digits in the first column correspond to the models included in Table 5.1 in Chapter 5. 
  5 K min-1 10 K min-1 15 K min-1 20 K min-1 
Model Ei ln(Ai/min) Ei ln(Ai/min) Ei ln(Ai/min) Ei ln(Ai/min) 
1 120 8 112 7 109 7 106 7 
2 167 12 156 12 153 12 148 11 
3 261 21 168 13 240 20 233 19 
4 827 73 231 19 765 67 745 65 
5 1109 99 246 20 1028 90 1000 88 
6 779 69 357 31 720 64 699 62 
7 178 13 611 53 163 13 158 12 
8 245 20 650 56 225 19 218 18 
9 379 32 737 65 349 30 338 29 
10 1397 123 782 69 1294 113 1257 109 
11 687 60 1049 93 636 55 617 53 
12 647 56 1076 97 598 52 581 50 




13 1232 109 1165 103 1141 100 1110 97 
 
 
S5.4 Suggestion of Reaction Model via the Approach of Compensation Effect 
 
From the values of Ei and ln(Ai/min) and from Equation 5.4 in Chapter 5 and its simplification 
in Section 6.2, Equation 6.3 in Vyazovkin et al. (2011) we obtained the kinetic model that 
governs the conversion of α-spodumene:   
 












Figure S5.1 illustrates the kinetic model derived from our experiments.  From Fig. 5.5 (Chapter 
5), the values of the activation energy (Ei) fall within the range of the isoconversional activation 
energy (i.e., Eα = 635 – 892 kJ mol
-1) narrow down the choices of ideal kinetic models to those 
between the dashed (green) lines in Figure 5.5.  These Ei corresponds to the P2/3, F1, R3 and 
R2 standard models listed in Table S5.5.  However, as plotted in Fig. S5.1, none of the ideal 
kinetic models fit the experimental data.  In particular, model F1 (first-order), as suggested by 
the previous studies (Botto and Arazi, 1975; Moore et al., 2018), does not account for the 
present observations; likewise for the remaining (P2/3, R3 and R2) models.  This confirms that, 
the transformation kinetics of α-spodumene follows a complex mechanism and cannot be 
described by an idealised model requiring the use of isoconversional activation energy for the 
isothermal prediction (tα).  Clearly, the reality is much more complicated than suggested by 
previous investigators. 
 




Table S5.5. The Ei values that fall in the range of experimental Eα, with the corresponding 
ideal kinetic models.   
β (K min-1) Kinetic model (Table 5.1) Ei (kJ mol-1) ln(Ai/min) 
5 R2 647 56 
 R3 687 60 
 F1 779 69 
 P2/3 827 73 
10 R3 650 56 
 F1 737 56 
 P2/3 782 69 
15 R3 636 55 
 F1 720 64 
 P2/3 765 67 
20 F1 699 62 
 P2/3 745 65 
 
  
Figure S5.1. Comparison between the experimental and ideal reaction models, for the 
differential form f(α).  The ideal models correspond to those of Table 5.1 in chapter 5, while 
the experimental model follows from Equation S5.43. 
Our results establish that selecting an ideal reaction model to represent the transformation 
process of α-spodumene is impossible.  This agrees with some other conclusions that, the 























mechanism of complex reactions cannot be determined by kinetic parameters only, and 
microscopic analyses may help this purpose (Janković, 2008). 
 
 
Appendix V: Supporting Information of Chapter 6 
 
S6.1 The Effect of High-temperature on Lithium Extraction 
 
Fig. S6.1 shows the XRD patterns of the residues of two samples that were roasted in different 
temperatures of 900 and 1000 ºC for 2 h.  The Figure shows the appearance of a glassy 
background in the 2θ range between 16 and 36º. 
   





Figure. S6.1 XRD patterns of the residual materials for roasting of spodumene with CaO and 
Na2SO4 at temperatures of 900 and 1000 ºC.  The roasting time is 2 h and the leaching 
conditions are 50 ºC for 2 h and water to calcine ratio of 100:1. 
 
 
S6.2 Thermodynamic Analysis 
 
The expected reaction of spodumene and Na2SO4 at 882 ºC to produce water-soluble lithium 
compounds can be simulated by a set of reactions, for example: 
2LiAlSi2O6 + Na2SO4 = Li2SO4 + 2NaAlSiO4 + 2SiO2                ∆Gº = 6.8 (S6.1) 
2LiAlSi2O6 + Na2SO4 = Li2SO4 + Na2SiO3 + 3SiO2 + Al2O3          ∆Gº = 93.8 (S6.2) 


























2LiAlSi2O6 + Na2SO4 = Li2SO4 + 4SiO2 + 2Na2O + Al2O3           ∆Gº = 324.2 (S6.3) 
 
Only Equation S6.1 becomes spontaneous at higher temperature than 1000 ºC (∆Gº = -0.4 kJ 
mol-1 at 1050 ºC).  Experimentally, the reaction of spodumene with Na2SO4 has been reported 
to occur by roasting of spodumene with Na2SO4 melt above 1000 ºC (Arne and Johan, 1941).  
Both, NaAlSiO4 and SiO2 were clearly observed in our XRD measurements, but we did not 
observe Li2SO4.  Instead, we detected LiNaSO4 in the XRD spectra.  By comparing our XRD 
analyses and Equation S6.1, the reaction can be represented by the following mass-balance 
equation: 
  
LiAlSi2O6 + Na2SO4 = LiNaSO4 + NaAlSiO4 + SiO2                (S6.4) 
 
Equation S6.4 is only spontaneous above 1000 ºC unless we include other additives (fluxes) to 
decrease the reaction temperature and/or to provide a thermodynamic driving force.  For 
example, the addition of CaO improves the thermodynamics of Equation S6.1 as ∆Gº = -175 
kJ mol-1 at 882 ºC, hence: 
 
α-LiAlSi2O6 + CaO + Na2SO4 = LiNaSO4 + NaAlSiO4 + CaSiO3 (S6.5) 
 
The CaO has reduced the reaction temperature from 1050 ºC to 882 ºC.  Therefore, the actual 
reaction of spodumene and Na2SO4 can be also stimulated by CaO, and that is what we did in 
our work.  The mass ratio of the reactant, as written in Equation S6.5, corresponds to 1:0.3:0.76 
in our experiments, consistently with the detection of wollastonite.  However, if one decreases 
the content of CaO from 0.3 to 0.01, there will only be LiNaSO4 and NaAlSiO4 with small 
amount of SiO2 or CaNaAlSi2O7.  Therefore, the reaction for roasting spodumene with CaO 




and Na2SO4 with CaO to α-LiAlSi2O6 mass ratio > 0.01 can be represented by the following 
balanced equation: 
 
2LiAlSi2O6 + 2CaO + 2Na2SO4 = 2LiNaSO4 + CaNaAlSi2O7 + NaAlSiO4  
                                                       + CaSiO3 
(S6.6) 
  
The comparison between Equations S6.5 and S6.6 implies that the Li+ ions from spodumene 
partially substitute the Na+ ions from the Na2SO4 after breaking down the framework of 
spodumene.  The substitution process yields LiNaSO4 instead of Li2SO4.  The stoichiometric 
ratio of α-LiAlSi2O6 to Na2SO4 is 0.76 to produce LiNaSO4, while it is 0.38 in the case of 
Li2SO4.  The value of 0.76 is very close to that optimised in this study (i.e., 0.8).   
 
Our XRD data indicate that the high extraction of lithium is associated with higher peaks of 
NaAlSiO4 in the phase distribution of the reaction products.  This implies the involvement of 
two competing reactions to produce NaAlSiO4 and CaNaAlSi2O7.  Therefore, the optimisation 
the amount of CaO is necessary to direct (overall) Reaction S6.6 towards producing more 
LiNaSO4 and NaAlSiO4.  In the present study, reducing the amount of CaO resulted in higher 
yields of LiNaSO4 and the formation of NaAlSiO4 as the main by-product with no appearance 
of CaSiO3.  This, consequently, increased the extraction of lithium.  Therefore, with the ratio 
of CaO:α-LiAlSi2O6 ≤ 0.01, Reaction S6.4 governs the Li extraction process. 
 
A possible explanation rests on the observation that increasing amounts of CaO direct the 
formation of CaSiO3 and CaNaAlSi2O7, which are associate with decreasing lithium recovery.  
It is feasible that Li gets encapsulated in the matrix of these two minerals leading to its lower 




recovery.  By the same token, it will not be possible to achieve 100 % lithium recovery, as 
some micro-particles of Li will also be encapsulated by NaAlSiO4. 
 
 
S6.3. The Effect of Particle Size on Lithium Extraction 
 
This section presents the variation of the lithium extraction with a particle size of spodumene 
sample represented by d80.  We compared three different sizes of 30, 60, 120 µm to test the 
effect of size reduction on lithium recovery.  The tested mass ratio of the solid mixture of 
spodumene/CaO/Na2SO4 was 1:0.6:0.6.  The roasting temperature and time were 882 ± 2 for 2 
h respectively.  The leaching conditions were 50 ºC for 2 h with S/L ratio of 1:100. 
 
Table S6.1.  Recovery of lithium from spodumene samples of different particle sizes.   
Spodumene sample d80 (µm) 30 60 120 
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